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ABSTRACT 
Vertebral fractures are the hallmark of osteoporosis, yet the failure 
mechanisms involved in these fractures are not well understood. Current 
approaches to predicting fracture risk rely on average measures of bone mineral 
density in the vertebra, which are imperfect predictors of vertebral strength and 
poor predictors of fracture risk. Prior research has established that substantial 
regional variations in density exist throughout the vertebra and has suggested 
several biomechanical consequences of these variations. The overall goal of this 
dissertation was to characterize failure mechanisms in human vertebrae, with 
specific emphasis on the role of intra-vertebral heterogeneity in density and 
microstructure and on identifying clinically feasible techniques for predicting 
fracture risk. 
Using images obtained from micro-computed tomography (IJCT) and 
quantitative computed tomography (QCT), the intra-vertebral heterogeneity in 
bone density was quantified in cadaveric specimens. Quantitative measures of 
this heterogeneity improved predictions of vertebral strength as compared to 
vii 
predictions based only on mean density. Subsequently, the intra-vertebral 
heterogeneity in density was measured via QCT in a cohort of post-menopausal 
women and was found to be lower in those who had sustained a vertebral 
fracture vs. in age-matched individuals without fracture. 
The next set of studies focused on assessing the accuracy of finite 
element (FE) models for predicting vertebral failure. Digital volume correlation 
(DVC) was used to measure the deformations sustained throughout the vertebra 
during compression tests. These results were compared against deformation 
patterns predicted using FE models created from QCT images of the vertebrae. 
Good agreement was found between predicted and measured deformations 
when the boundary conditions were accurately defined, despite simplifications 
made in representing material properties. 
The outcomes from this dissertation demonstrate that the intra-vertebral 
heterogeneity in density contributes to bone strength and has promise as a 
clinically feasible indicator of fracture risk. OCT-based FE models, which by 
definition account for this heterogeneity, are another promising technique, yet will 
likely require non-invasive techniques for estimating vertebral loading to provide 
the requisite accuracy in failure predictions. These two engineering approaches 
that account for the spatial heterogeneity in density within the vertebra may lead 
to more sensitive and specific indicators of fracture risk. 
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CHAPTER 1 
1 
MOTIVATION 
Osteoporosis is a bone disease defined by low bone mass and 
microarchitectural deterioration of bone tissue, and hence an increased risk of 
fracture [1]. Vertebral fractures are the most common type of osteoporotic 
fracture [2]. Nearly 12-20% of men and women over age of 50 years suffer from 
vertebral fractures [3] . Spine fractures can lead to back pain, deformity, and 
impaired motion, and decreased quality of life. About 45% of vertebral fractures 
in North America go unrecognized [4], which has important ramifications since 
vertebral fractures are associated with increased risk of future fractures in the 
spine as well as at other anatomic sites [5,6). Factors that influence vertebral 
strength include: low bone mineral density, deteriorated microstructure [7], and 
negative balance in bone remodeling processes [8]. However, failure 
mechanisms involved in these fractures are not well understood. 
Current fracture risk estimates for the spine are based on average 
measures of bone mineral density (BMD) in the vertebral centrum. However, 
these measures of BMD explain only -60% of the variance in vertebral strength 
[9] and do not discriminate well between fracture and non-fracture cohorts [1 0]. 
These limitations of average-BMD measurements are likely due to contributions 
of other factors, such as cortical thickness and curvature [11, 12], and the 
heterogeneous distribution of bone tissue throughout the centrum [13-16]. Prior 
research established that substantial regional variations in density exist 
throughout the vertebra and has also suggested several biomechanical 
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consequences of these variations. For example, an area of very low density, the 
superior-anterior region, is highly deformed in most wedge-shaped fractures 
[17, 18], which are one of the most common types of age-related vertebral 
fractures. Therefore, further study of the failure mechanisms is required in order 
to establish new standards for clinical evaluation of fracture risk. 
Driven by outcomes of prior research, researchers have been examining 
the use of measures of intra-vertebral heterogeneity of bone tissue in predicting 
vertebral strength. Accounting for intra-vertebral heterogeneity in density has 
been shown to correlate with vertebral strength and improve failure predictions 
for vertebrae tested ex vivo [13, 19, 15, 16]. In these studies intra-vertebral 
heterogeneity in density has been evaluated based only on a subset of regions 
within the centrum. The challenge remains to determine how to use information 
on intra-vertebral heterogeneity to improve failure predictions in a clinical setting. 
Thus far, prior studies have focused on vertebral strength rather than also 
considering mechanisms of failure. Study of how failure patterns in the vertebra 
relate to the distribution of bone tissue might provide key insight into these 
mechanisms, and hence identifying new approaches for non-invasive estimation 
of bone strength and fracture risk. Specifically, these relationships may elucidate 
how certain regional variations in trabecular structure can predispose the 
vertebra to fracture and how a given drug therapy might reduce such 
predisposition. 
Failure patterns within whole vertebrae are typically estimated from finite 
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element analyses or from images acquired after fracture has occurred. Full-field, 
experimental measurement of deformations sustained by vertebrae during 
injurious loading would enable visualization of vertebral failure mechanisms, 
validation of numerical simulations of vertebral fracture, as well as assessment of 
commonly adopted simplifications in ex vivo mechanical tests such as the 
removal of the intervertebral discs prior to mechanical testing of vertebral 
specimens. As such, these full-field measurements would have far-reaching 
impact on predictions of bone failure and on study of the effects of aging, 
disease, and drug-treatments on failure mechanics in bone. 
Prior studies have used micro-computed tomography (j.JCT) , a high-
resolution, 3-D imaging method, in conjunction with mechanical testing to 
examine full-field deformations in specimens of bone tissue or in whole, intact 
small bones. Initial studies provided only qualitative descriptions of deformation 
fields [20-23] . Quantitative data on full-field deformations can be garnered by 
applying methods of volumetric digital image correlation (VDIC), also known as 
digital volume correlation (DVC), to the image series [24,25]. DVC is a promising 
approach for quantitative, full-field measurement of deformations in bone. 
Another approach for prediction of vertebral fractures is via patient-specific 
finite element (FE) models. These models, which typically are created from QCT 
scans and used to simulate bone failure, have tremendous promise for non-
invasive prediction of bone strength. FE modeling can be incorporated into in 
vivo studies, whether retrospective or prospective, in order to evaluate fracture 
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risk and the potential effects of various pharmacological treatments on that risk. 
Further, FE simulations can provide rich insight into biomechanical mechanisms 
for observed differences in fracture rates among study cohorts. However, the 
various assumptions and idealizations regarding bone geometry, loading 
conditions, and tissue material properties can have severe effects on the model 
predictions. As a first step, the FE-computed values of bone stiffness and bone 
strength can be compared on a per-specimen basis to experimentally measured 
values. However, differences between FE-computed and experimentally 
measured values of bone strength can differ by as much as two-fold [7], 
indicating the need for improved FE models and validation methods. 
To summarize, the role of intra-vertebral heterogeneity in density in failure 
mechanisms and fracture risk prediction is unclear. In addition, failure 
mechanisms involved in vertebral fractures are not known. FE analyses can be 
used to study these failure mechanisms, however, experimental data on 
deformation fields throughout the vertebra required for validation of FE models is 
lacking. Therefore, this dissertation is aiming to characterize failure mechanisms 
in human vertebrae, with specific emphasis on the role of microstructural 
heterogeneity and to identify techniques that can be used towards establishing 
new clinically feasible techniques for the assessment of vertebral fracture risk, as 
well as tools that will aid in validating these approaches. 
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SPECIFIC AIMS 
• Determine the effect of the distribution of bone tissue throughout the vertebra 
on predictions of experimentally measured vertebral strength. 
• Measure experimentally the patterns of deformation and failure in the vertebra 
as the vertebrae are loaded to failure by analyzing image sequences using 
digital volume correlation to quantify the 3-D displacement fields that develop 
throughout the vertebra. In addition, examine the influence of the 
intervertebral discs on vertebral mechanical properties and failure 
mechanisms 
• Predict, using OCT-based finite element (FE) models, the patterns of 
deformation and failure in the vertebra as well as vertebral strength, and 
compare these predictions to the experimentally measured strength and 
deformation fields. 
6 
BACKGROUND 
Anatomy of the Vertebra 
Vertebral fractures commonly occur in mid-thoracic spine (T7-T8) and 
thoracolumbar junction (T12-L2) (Figure 1.1A). A vertebra is composed of the 
vertebral body and the posterior elements (pedicle, spinous process, lamina, and 
transverse process for lumbar vertebrae) (Figure 1.1 B). The vertebral body is 
primarily formed of trabecular bone, which fills the vertebral centrum and is 
surrounded by a thin shell of dense trabecular bone (Figure 1.2). The density of 
the trabecular bone in the shell is high enough that the shell is often referred to 
as the "cortical" shell. The quality of the trabecular bone in the vertebral centrum 
is assessed based on bone mineral density and trabecular microarchitecture. To 
describe the latter, measures such as trabecular thickness and pore size are 
quantified . A summary of the various measures of bone density and trabecular 
architecture is provided in Table 1.1. 
Prediction of Vertebral Fracture Risk 
Current methods of estimating fracture risk for the spine are based on 
average measures of bone mineral density (BMD) in the vertebral centrum 
measured from dual-energy X-ray absorptiometry (DXA) or QCT scans. For 
these estimates, clinicians use an individual's T-score, which is the individual's 
average BMD for a given vertebra , expressed as a number of standard 
deviations above or below the mean BMD of healthy 30-year-old adults of the 
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same sex. However, average BMD explains only -60% of the variance in 
vertebral strength [11] and does not discriminate well between fracture and non-
fracture cohorts [1 0, 14]. These limitations of average BMD are likely due to the 
heterogeneous distribution of bone tissue throughout the vertebra. The density 
and architecture of vertebral trabecular bone vary as a function of position in the 
centrum [26,27, 14,28]; moreover, these spatial distributions have been shown to 
vary substantially among individuals and with age [26]. 
Intra-vertebral Heterogeneity in Density and Architecture 
The density and architecture of vertebral trabecular bone are not uniform 
throughout the vertebral centrum. Previous studies found that the density is 
higher in the posterior than the anterior regions [29,30]. Hulme et al. showed that 
posterior regions have higher bone volume fraction, more plate-like trabeculae 
and lower trabecular separation compared to anterior regions [31]. There is also 
heterogeneity in the superior-inferior direction. Bone density is lower in the 
superior compared to the inferior regions of the vertebral body [29,31]. 
Heterogeneities in the trabecular microstructure along the superior-inferior 
direction are noted in the posterior region of the vertebra [29]. The inferior half 
exhibits a greater number of well-connected, plate-like trabeculae compared to 
the superior half [29]. Notably, an area of very low bone density area, the 
superior anterior region, is highly deformed in wedge-shaped fractures, which are 
one of the most common types of age-related vertebral fractures [18]. 
Spatial heterogeneity in bone density within the vertebral trabecular 
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centrum has been postulated to depend on the health of the adjacent 
intervertebral discs (IVDs) [32-36]. Numerous studies have shown marked effects 
of disc degeneration on the distribution of pressure in the IVD [37,38], on the way 
an applied load is distributed across the end plates [39-41], and on stress and 
strain distributions in the vertebra [36,39,42-44]. While no direct evidence of bone 
adaptation in response to IVD degeneration has been reported, spatial 
distributions of density differ in spine segments with vs. without IVD degeneration 
[32-34]. In vertebrae adjacent to degenerated IVDs, trabecular bone is denser 
and stronger in the posterior than anterior regions of the centrum [32,33, 17], 
consistent [36] with measurements of disc pressure [37,45] showing reduced and 
elevated pressure in the nucleus pulposus and posterior annulus fibrosus, 
respectively, in degenerated IVDs. These data indicate that, regardless of 
whether the spatial distribution of bone density within the vertebra arises from 
degenerative changes in the adjacent IVDs, the biomechanical consequences of 
the intra-vertebral heterogeneity in BMD may correspond closely to the interplay 
between vertebra and IVD. 
Trabecular bone is the primary load-bearing component in the vertebral 
body [46], and accounting for heterogeneity in density has been shown to 
improve failure predictions in laboratory experiments. McCubbrey et al. obtained 
better predictions of vertebral ultimate load and stiffness by combining regional 
vertebral density measures compared to predictions from a single region [14]. 
Using FE predicted strength (n = 8, from 2 donors) Kim et al. showed that 
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vertebral strength decrease with increasing intra-vertebral heterogeneity [19]. 
Cody et al. found that most of the variance in vertebral strength can be predicted 
if density is measured from certain regions in the vertebral body, although those 
regions vary based on the vertebral level [13]. Furthermore, including 
architectural parameters in addition to BMD also improved vertebral fracture 
predictions [47-49] . Nazarian et al. suggested that the best predictions of the 
failure of isolate cores of trabecular bone are obtained when regions 
corresponding to minimum volume fraction are used [50]. These studies, using 
data from either trabecular bone cores or whole vertebrae show the effect of 
BMD and microstructural heterogeneity on mechanical properties and highlight 
the importance of studying the role of microstructural heterogeneity on predicting 
vertebral strength. Of equal importance is to whether associations exist between 
tissue heterogeneity and regions where failures initiates and propagates within a 
vertebra. 
Another approach to account for the heterogeneity in tissue mineral 
density and the geometry of the vertebral body was established by Hong et al. 
[51]. The method is based on mechanics of materials beam theory and is used to 
calculate axial rigidity [51]. Axial rigidity is calculated for each slice from a OCT 
scan and the slice with the minimum axial rigidity is used for fracture risk 
prediction [51 ,52]. This method has been tested using data from cylindrical 
trabecular cores [51 ,52] and isolated human vertebrae [51 ,52]. However, it has 
not been tested on spine segments subjected to physiologic loading. 
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Clinical Imaging Techniques 
Bone mineral density is measured based on the degree of X-ray energy 
absorbed by bone. Dual-energy X-ray absorptiometry (DXA) measures areal 
BMD (aBMD). Common location for DXA measurements in the spine are in the 
lumbar spine, using posterior-anterior (PA) or lateral (LAT) projections [53]. 
Possible inaccuracies in PA aBMD measurement are usually due to the presence 
of vascular calcification and relatively mineralized posterior elements. Another 
clinical imaging tool is quantitative computed tomography (QCT). Images can be 
used to calculate volumetric BMD, to evaluate the BMD of the cortical and 
trabecular regions separately [53], and to quantify heterogeneity in density. The 
radiation exposure is generally higher in QCT compared to DXA [53]. Lang et al. 
developed a method to measure equivalent DXA aBMD from QCT scans [54] 
and showed that QCT measures are better predictor of fracture risk than DXA 
[55]. At clinical resolutions, heterogeneity in trabecular architecture cannot be 
quantified in the vertebral body, but recent advancements in CT systems suggest 
that this may be possible in the near future. 
/mage-Guided Failure Analysis 
Failure patterns within whole vertebrae are typically estimated from finite 
element analyses or from images acquired after fracture has occurred. 
Experimental measurement of deformations sustained by vertebrae during 
injurious loading would enable direct visualization of vertebral failure 
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mechanisms as well as the possibility of validating the results of numerical 
simulations of vertebral fracture. Time-lapsed micro-computed tomography (1-JCT) 
has been used previously to visualize failure processes in excised specimens of 
trabecular bone from a whale vertebra [21 ,20]. Specimens were loaded in a step-
wise method in a custom-made micro-compression device and were imaged at 
each load step using micro-computed tomography [20]. Nazarian and Muller 
investigated the effects of step-wise loading by comparing the mechanical 
properties of whale trabecular bone obtained from step-wise loading to results 
from continuous loading. They showed that there was no significant differences 
[21]. 
While the time-lapsed, imaging studies described above provide 
qualitative information on failure patterns, quantitative data on failure 
mechanisms can be garnered by applying digital volume correlation (DVC) to the 
image series. Bay et al. developed a 3-D technique for image correlation that 
was an extension of a previously establish 2-D approach [24,56]. The accuracy 
and precision of the 3-D technique was tested by analyzing the deformation of 
excised bone cores of uniform geometry [24]. In a study by Liu et al. the accuracy 
and precision of three DVC techniques were assessed for trabecular bone from 
different anatomical sites and species [57]. The results showed that the accuracy 
and precision of the DVC technique depends on the trabecular structure. The 
three methods compared were: cross-correlation (CC) [58], normalized cross-
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correlation (NCC) [59], and maximum likelihood estimation (MLE) [60,61]. Of the 
three methods, MLE was the most accurate and precise method. 
So far, the application of DVC to whole bones is restricted to bones with 
small volumes. Most recently, Hardisty et al. [62,63] performed a validation study 
for DVC applied to simulated deformations in an intact rat vertebra. Expanding 
the use of 3-D DVC to whole bones involves additional challenges such as the 
irregular geometry of the volume. This requires dividing the geometry into 
irregularly shaped sub-regions, since otherwise the intensity change at the 
boundary will adversely affect the accuracy of the DVC technique. Another 
challenge is the large size of the image data sets, which means the need for 
higher computational power. 
Load Distribution Across the Endplate 
The load distribution across the endplate depends on the anatomy and 
health of the adjacent IVDs. For healthy IVDs, the load distribution, calculated 
from stress measurements at the coronal and sagittal planes within the IVDs, is 
characterized by a high plateau of pressure in the nucleus pulposus, flanked by a 
steep drop in pressure over the approximate thickness of the annulus fibrosus 
[45,35]. In degenerated IVDs, regions of high pressure occur instead in the 
annulus, and the percentage of the applied load distributed to the anterior half of 
the vertebra as compared to the neural arch increases dramatically from erect to 
flexed postures [35]. These changes in load distribution are consistent with 
changes in trabecular density in the anterior and posterior regions of vertebrae 
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with degenerated adjacent discs [32,33, 17,31]. Further, as noted by Hansson 
and Roos, the strength and fracture mode of vertebrae under axial compression 
can depend on IVD health [64]. These studies demonstrate how variable the load 
distribution across the endplate can be and how these variations, by potentially 
altering the properties of the underlying bone tissue, might affect the mechanical 
response of the vertebral body. 
This influence of loading conditions on vertebral mechanical behavior has 
been addressed using finite element (FE) models. By using different load 
distributions across the endplate to represent different severities of IVD 
degeneration, these studies have examined the effects of disc health on stress 
and strain distributions within the vertebra [65,42,66] and on the relative 
contributions of the cortical shell and trabecular centrum to vertebral strength and 
fracture risk [67-70]. Interestingly, one of these studies predicted that the specific 
load distribution across the endplate had only a mild effect on estimates of 
vertebral strength, although the magnitude of the effect was largest for low-
density vertebrae [69]. Other FE studies have examined the interplay between 
disc health and the spatial distribution of bone density in the vertebra, finding that 
as a result of bone adaptation in response to altered loading associated with IVD 
degeneration, bone density would be expected to decrease in the central 
transverse regions of the vertebra [36]. In contrast to the multitude of FE studies, 
the only experimental data available thus far comes from mechanical testing of 
slices of vertebrae with and without the disc tissues [71] and from comparison of 
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2-D measurements of surface deformations of vertebrae to data on intra-discal 
pressure [72]. True 3-D, experimental data are lacking . 
QCT-based Finite Element Models 
Patient-specific OCT-based finite element (FE) models of whole bones 
have great potential for non-invasive prediction of bone strength. Previous 
studies have shown that FE models provide better predictions of vertebral 
strength than QCT based and simulated DXA methods [7,73-75]. Further, voxel-
based FE analyses were used to compare the effect of two osteoporosis 
treatments on vertebral strength [76], where DXA measures did not detect the 
changes in the mechanical properties due to the treatment. Homminga et al. 
used voxel-based FE models to assess the load sharing between the trabecular 
centrum and vertebral shell [68]. Load sharing depends on the relative stiffness 
of the core and shell, as well as on the degenerative status of the intra-vertebral 
disc [67]. In the case of a degenerated disc, most of the load is placed on the 
shell as the nucleus pulposus is unloaded and the load is transferred to the 
annulus fibrosis [36]. In general, load transfer to trabecular bone is 70% near 
endplates and 50% in mid-transverse region for both normal and osteoporotic 
vertebrae [68]. However, the amount of trabecular bone at risk of fracture 
increases with osteoporosis (increased from 1% in healthy to 16% in osteoporotic 
vertebrae) [68]. In a later study, Homminga et al. showed using bone adaptation 
models that this change in load distribution due to disc degeneration resulted in 
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reduced and increased bone density at the trabecular core and vertebral walls, 
respectively [36]. 
Differences between FE-computed and experimentally measured values 
of bone strength can differ by as much as two-fold [7], indicating a need for more 
experimental data to validate and to improve upon those models. Bay et al. used 
a texture-based technique to calculate surface strains of 6mm-thick sections from 
vertebral body to validate FE simulations [77,71]. In another study, Silva et al. 
showed by comparing FE models of thin slices from the vertebral body to 
mechanical test results the importance of material property assignment [78]. By 
comparing experimental and simulated load-deflection curves, Daii'Ara et al. 
demonstrated that improved FE results are obtained by more accurate 
description of the loading condition used to induce anterior wedge fractures in 
vertebrae [75], while Buckley et al. showed that OCT-based FE models do not 
capture failure behavior in bending accurately [52] . Therefore, there is a need for 
new methods to quantify deformations throughout entire vertebrae as these 
vertebrae are loaded to failure. Knowing the experimental 3-D deformation fields 
can then be used to improve the accuracy of OCT-based FE models. 
Two main modeling strategies have been used for human vertebrae in 
clinical applications. The first is voxel-based FE models, where each voxel form 
OCT scan is converted into an element in the FE model. The element size is 
usually 1x1x1.5 mm3 [79]. The second approach is by defining the vertebral body 
geometry from OCT scans and then generating a mesh. The vertebral shell was 
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initially modeled separately from the vertebral centrum. However, as the average 
shell thickness is 0.35 mm [80,79], with limited resolution of QCT scans the shell 
thickness is overestimated. Effective shell modulus was calculated by Liebschner 
et al. to match the experimental stiffness of vertebral body [55]. However, the 
results showed that the vertebral shell has an independent structural role since 
no correlation between vertebral shell properties and mechanical properties of 
vertebral body was found [55]. In addition, Silva et al. found that the contribution 
of the shell can be accurately modeled by averaging the density of the shell with 
nearby trabecular bone [78]. Further, Mosekilde concluded that the vertebral 
shell and end plates behaved more like dense trabecular bone rather than cortical 
bone [81] . Hence, sometimes the vertebral shell is not modeled separately [7], 
especially in voxel-based FE models where the shell thickness is typically smaller 
than element size [79]. 
There are also multiple approaches for defining the material properties in 
FE models. Transversely isotropic material properties are commonly assigned to 
each element using empirical formulas relating stiffness and bone mineral 
density [82,7,83,84]. Material properties obtained from excised trabecular bone 
samples need to be multiplied by a correction factor in order to account for 'side-
artifacts', which occur when the sample size is comparable to the characteristic 
length of material, as shown by Un et al. [85] and verified by Crawford et al. [86]. 
In other material models, fabric anisotropy was included [87]. More recent studies 
are investigating new material mapping approaches and the importance of 
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including patient-specific anisotropy [88-92]. These differences in modeling 
approaches, illustrate the need for additional studies that compare and assess 
the accuracy of the different modeling approaches and provide guidelines for the 
best clinically applicable modeling approach. 
OUTLINE 
The first section of this dissertation will be dedicated to study the influence 
of intra-vertebral heterogeneity in structure on vertebral mechanical properties 
and failure patterns, the latter as defined by the spatial distributions of 
deformations that remain in the vertebra after compression testing. Intra-vertebral 
heterogeneity in structure will be assessed using micro-computed tomography 
(IJCT) . The distributions of trabecular microarchitecture, density, and residual 
deformation throughout the vertebra will be quantified. The data will be examined 
to identify relationships between failure patterns and spatial variations in 
trabecular microarchitecture and density, and to determine the dependence of 
vertebral mechanical properties on the intra-vertebral heterogeneity in density. 
Chapter 3 will seek to increase the clinical relevance of the impact of intra-
vertebral heterogeneity in density on the prediction of bone strength for the axial 
skeleton by using quantitative computed tomography (QCT). This will be 
achieved by comparing quantitative measures of the magnitude of the intra-
vertebral heterogeneity in density measured by QCT vs. 1JCT, and by assessing 
the use of OCT-based quantitative measures of the magnitude of the intra-
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vertebral heterogeneity to improve predictions of vertebral strength. In this study, 
spine segments consisting of L 1 vertebra with adjacent IVDs will be used. 
Including the IVDs will allow for examining whether the spatial distribution of 
bone density within the vertebra is associated with vertebral strength, the 
magnitude of the intra-vertebral heterogeneity in density, and the health of the 
adjacent IVDs. 
Another step towards the clinical relevance of measures of intra-vertebral 
heterogeneity in fracture risk prediction will be taken in Chapter 4. This chapter 
will examine the utility of intra-vertebral heterogeneity measures for predicting 
fracture risk using clinical OCT images from post-menopausal women from the 
Framingham Heart Study Multidetector OCT cohort [93]. Measures of 
heterogeneity will be compared between fracture cases and age-matched 
controls, and associations between intra-vertebral heterogeneity and risk of 
prevalent vertebral fracture, with and without adjustment for average BMD will be 
examined. 
A DVC-based approach will be established to quantify deformation fields 
throughout whole, intact, human vertebral bodies in Chapter 5. The accuracy and 
precision of this method will be determined. The technique will then be applied to 
characterize failure patterns throughout entire vertebrae as these vertebrae are 
compressed to failure. In Chapter 6, DVC will be used to examine the influence 
of the IVDs on vertebral mechanical properties and failure mechanisms. DVC will 
be used to quantify 3-D deformation and failure patterns in vertebral bodies 
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tested with and without IVDs and to quantify the effect of the IVDs on vertebral 
mechanical properties. 
Chapter 7 of this dissertation will evaluate the accuracy of QCT -based FE 
models generated using two common modeling approaches: voxel-based and 
geometry-based . This will be achieved by comparing FE results to experimental 
measurements of deformation throughout the vertebral body. By applying 
different boundary conditions for FE simulations, we will be the accuracy of the 
predictions from FE simulations that account for the non-uniform loading across 
the end plate due to IVD degeneration to that of FE simulations that assume 
simple uniform loading across the end plates. In Chapter 8 the findings of this 
dissertation are summarized and future work is suggested. 
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FIGURES AND TABLES 
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Figure 1.1 (A) Human spine showing the thoracic and lumbar regions of interest 
(B) single lumbar vertebra [94] 
A B c 
Figure 1.2 3-D reconstruction of L 1 vertebra (A) whole vertebra with posterior 
elements removed; (B) coronal plane; (C) mid-transverse plane 
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Table 1.1 Different measures of density and trabecular architecture [95,96] 
Measure [units] 
Areal BMD (aBMD) [g/cm 2] 
Volumetric BMD (vBMD) 
[g/cm 3] 
Apparent Density (Papp ) 
[mg HA/cm3] 
Volume Fraction (Vf) [-] 
Trabecular Thickness 
(Tb.Th*) [mm] 
Trabecular Separation 
(Tb.Sp*) [mm] 
Trabecular Number (Tb.N*) 
[1/mm] 
Structural Model Index (SMI) 
[-] 
Degree of Anisotropy (DA) [-] 
Connectivity Density [1/mm 3] 
Description 
Average BMD calculated from 2-D projections of a 
vertebra 
Average BMD calculated from 3-D QCT images 
Average BMD of a volume of interest from 1-JCT 
images 
Ratio of bone volume to total volume composed of 
bone and marrow space 
Average thickness of trabeculae which is measured 
as the diameter of the largest sphere that can fit within 
the structure 
Average separation between trabeculae (marrow 
space) which is measured as the diameter of the 
largest sphere that can fit within the marrow space 
Inverse of the mean distance between ridges 
Trabecular shape (0: plate-like; 3:rod-like) 
Preferred trabecular alignment (1: isotropic; >1 
anisotropic) 
Degree to which a structure is multiply connected 
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THE EFFECT OF INTRA-VERTEBRAL HETEROGENEITY IN 
MICROSTRUCTURE ON VERTEBRAL STRENGTH AND FAILURE 
PATTERNS 
INTRODUCTION 
Vertebral fractures afflict approximately 12-20% of men and women over 
the age of 50 years [3]. These fractures are associated with increased morbidity, 
mortality, and risk of future fractures in the spine as well as in other anatomic 
sites [6,5] . Tools that enable accurate identification of individuals at high risk for 
vertebral fracture stand to reduce substantially the burden of osteoporotic 
fractures. Current methods of estimating fracture risk in the spine are based on 
average measures of bone mineral density (BMD) in the centrum, yet these 
measures explain only -60% of the variance in vertebral strength [11] and do not 
discriminate well between fracture and non-fracture cohorts [97, 1 0]. These 
limitations of average-BMD measurements are likely due to contributions of other 
factors, such as cortical thickness and curvature [11, 12], and the heterogeneous 
distribution of bone tissue throughout the centrum [13-16]. With existing imaging 
modalities such as computed tomography (CT), spatial variations in density and 
micro-architecture throughout the vertebra can be assessed non-invasively. The 
challenge remains to determine how to use information on intra-vertebral 
heterogeneity to improve failure predictions. 
Prior research has established that substantial regional variations in 
density and microarchitecture exist throughout the vertebra and has also 
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suggested several biomechanical consequences of these variations. The 
posterior regions of the centrum tend to have higher density [29,30], volume 
fraction, and trabecular number, and lower structure model index (SMI) and 
trabecular separation [31], than the anterior regions. Bone density is also lower in 
the superior than inferior regions [29,31]. These regional variations may arise in 
part from changes in load transfer that occur with disc degeneration and sclerosis 
of the posterior elements [8]. Notably, an area of very low density, the superior-
anterior region , is highly deformed in most wedge-shaped fractures [17, 18], 
which are one of the most common types of age-related vertebral fractures. That 
fracture patterns may be linked to regional variations in trabecular structure is 
supported by studies of trabecular bone. For example, specimens of vertebral 
trabecular bone loaded in compression and torsion collapse initially in regions of 
low volume fraction [50,98], and larger intra-specimen variations in trabecular 
thickness and tissue modulus are associated with lower apparent moduli 
[99, 1 00]. 
Accounting for intra-vertebral heterogeneity in density has been shown to 
improve failure predictions for vertebrae tested ex vivo. An early study found that 
using density measurements from multiple regions of the vertebral body, as well 
as the variances in density within the individual regions, resulted in better 
predictions of vertebral strength as compared to using the average density in the 
centrum [13]. More recently, the intra-vertebral heterogeneity in density, as 
defined by the coefficient of variation in density measurements in six regions of 
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the centrum [19, 15], or by the ratio of density in the anterior vs. posterior regions 
[16] , was found to correlate inversely with vertebral strength [15, 16, 19] stiffness 
[15, 19], and toughness [16]. However, thus far, intra-vertebral heterogeneity in 
density has been evaluated based only on a subset of regions within the 
centrum. Moreover, these prior studies have focused on vertebral strength rather 
than also considering mechanisms of failure. Study of how failure patterns in the 
vertebra relate to the distribution of bone tissue might provide key insight into 
these mechanisms, thus identifying new approaches for non-invasive estimation 
of bone strength and fracture risk. Specifically, these relationships may elucidate 
how certain regional variations in trabecular structure can predispose the 
vertebra to fracture and how a given drug therapy might reduce such 
predisposition. 
The goal of this study was to determine the influence of intra-vertebral 
heterogeneity in structure on vertebral mechanical properties and failure 
patterns, the latter as defined by the spatial distributions of deformations that 
remain in the vertebra after compression testing. The objectives were: 1) to 
quantify the distributions of trabecular microarchitecture, density, and residual 
deformation throughout the vertebra; 2) to identify relationships between failure 
patterns and spatial variations in trabecular microarchitecture and density; and 3) 
to determine the dependence of vertebral mechanical properties on the intra-
vertebral heterogeneity in density. 
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METHODS 
Specimen Preparation 
Thirty-two vertebrae (16 T10 and 16 T11) were dissected from fresh-
frozen spine segments from 16 donors (age range 70-91 years; mean 80.4 ± 6.1 
years; 8 male and 8 female). Tissue of the intervertebral discs was removed from 
both endplates with a scalpel, and the posterior elements were removed using an 
autopsy saw. Vertebrae were wrapped in saline-soaked gauze followed by plastic 
wrap and were stored in plastic bags at -20°C when not in use. 
Imaging and Mechanical Testing 
Vertebrae were scanned using micro-computed tomography (IJCT) at a 
resolution of 37 IJm/voxel (IJCT 80, Scanco Medical, BrOttisellen, Switzerland) . 
The voltage, current and integration time settings were 70 kVp, 114 mA and 300 
ms, respectively. A Gaussian filter was used (a =0.8, support =1, Scanco 
Medical). Bone was segmented using a threshold value of 15% of grayscale 
intensities as determined by an iterative threshold technique ([1 01 ], Scan co 
Medical). The vertebrae were then prepared for mechanical testing by potting the 
top and bottom endplates in circular plastic dishes filled with 2-4 mm of 
polymethyl methacrylate. Care was taken to align the superior-inferior axis of the 
vertebrae with the loading axis and to keep the vertebrae hydrated at all times 
(Figure 2.1A). Specimens were compressed between two steel platens to a 
preload of 50 N to ensure proper seating. Five preconditioning cycles between 
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200 and 400 N were performed at a rate of 50 N/s, and then the force was held 
at 300 N for 5 minutes [1 02] (lnstron 8874, lnstron, Canton, MA). Finally, the 
vertebrae were loaded to failure at a rate of 0.15 mm/sec [1 02]. The ultimate 
force was defined as the maximum force sustained by the vertebra (Figure 2.1 B). 
Stiffness was calculated as the maximum tangent modulus over a 1 %-strain 
window [1 03] . Toughness was quantified as the area under the load-
displacement curve up to the ultimate point. A second !JCT scan of each vertebra 
was performed after mechanical testing . 
Microarchitecture and Intra-Vertebral Heterogeneity 
Using the pre-test scans, volume fraction (BV!TV), trabecular separation 
(Tb.Sp*), trabecular number (Tb.N*), connectivity density (ConnD), degree of 
anisotropy (DA), structural model index (SMI; a measure of how rod-like vs. 
plate-like the structure is [1 04]) and cross-sectional area (CSA) were calculated 
for a volume of interest (VOl) that was defined for each vertebra as the largest 
elliptical cylinder that fit entirely within the centrum (Figure 2.1 C). The apparent 
mineral density (papp) was also computed for this VOl and was calculated as the 
average grayvalue of the bone and marrow space combined, converted to units 
of mineral density via a standard curve generated from scans of a hydroxyapatite 
phantom (Scanco Medical). Intra-vertebral heterogeneity in density, defined as 
the quartile coefficient of variation and inter-quartile range for apparent mineral 
density (QCVapp and IORapp, respectively) and volume fraction (QCVsvrrv and 
IQR8vrrv, respectively), were calculated by dividing each vertebra into contiguous 
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cubes of side length 4.81 mm (130 pixels) (Figure 2.1C)-a length scale at which 
trabecular bone can be treated as a continuum [1 05]. The QCV is calculated as: 
(Eq.2.1) 
where, Ot and 03 are the first and third quartile values, respectively (Figure 
2.1 D). We note that the quantity 03- Ot is the inter-quartile range. For non-
normal distributions of data, the quartile coefficient of variation is a better 
measure of relative dispersion than is the coefficient of variation. Papp, BVfTV, 
Tb.Sp*, Tb.N*, ConnD, DA, and SMI were also calculated for these cubes. 
Trabecular thickness (Tb.Th*) and tissue mineral density (TMD) were not used in 
this study due to insufficient image resolution. The ratio of average trabecular 
thickness (153.6 IJm) to voxel size (37 IJm) was less than five, indicating that 
measurements of Tb.Th* and TMD would not be reliable. 
To examine whether measures of intra-vertebral heterogeneity in density 
depend on the cube size, a subset of the samples (n =14) were each divided 
successively into contiguous cubes of different sizes: 4.44mm (120 pixels), 
5.55mm (150 pixels), 5.92mm (160 pixels), and 8.14mm (220 pixels) contiguous 
cubes. The data from these cubes were analyzed in the same manner as the 
4.81 mm (130 pixels) cubes. 
Analyses of Failure Patterns 
Digital volume correlation (DVC) was used to obtain direct, 3-D 
experimental measurements of the failure patterns in the vertebra, as defined by 
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the distribution of residual strains throughout the centrum [1 06]. DVC is an 
extension of digital image correlation, a standard method in experimental 
mechanics to quantify heterogeneous surface strains [1 07], to measure strains 
throughout a 3-0 volume. For the application of DVC in this study, the pre- and 
post-test 1-JCT images were analyzed in an automated fashion to track the 
movement and deformation of multiple, individual sub-regions throughout the 
entire centrum. In this analysis, the grayscale variations, or image "texture", that 
the 1-JCT images contain as a result of the porous, irregular trabecular structure 
enable the automated tracking. 
The pre- and post-test images were aligned using image registration 
(Scanco Medical). To define sub-regions within the vertebral body for DVC 
analysis, an irregular mesh that conforms to the geometry of the vertebral body 
was generated using IA-FEMesh modeling software (The University of Iowa, 
Iowa City, lA). The vertebrae were divided into irregularly shaped hexahedral 
sub-regions with side length -4.8 mm. The sub-regions from pre- and post-test 
images were then analyzed using a custom, DVC algorithm [1 06,57] to determine 
the continuum-level displacement and strain fields throughout the entire vertebral 
body (Figure 2.2). The measured strain fields correspond to residual strain 
experienced by the fractured vertebra. The magnitudes of the principal strains 
and maximum shear strain, and the directions of these strains were computed. 
The displacement and strain errors from this DVC algorithm were calculated 
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using an approach similar to that of Liu et al. [57] and were found to be 0.43 
voxels and 0.0007 mm/mm, respectively. 
Axial Rigidity 
In addition to quantifying the statistical distribution of density in the 
vertebra, as captured by the IQR and QCV, the spatial distribution of density was 
examined by computing an estimate of the axial rigidity. A mechanistic approach 
that estimates the axial rigidity (EA) of each transverse cross section (i.e. each 
slice of the pre-test scan) of the vertebra was adopted from previously published 
methods [51, 1 08], which compute this estimate as 
N 
EA = :LEidA (Eq. 2.2) 
i = l 
where EA is the axial rigidity, Ei is the Young's modulus for the ith pixel, dA is the 
area of one pixel, and N is number of pixels in the cross-section. For each pixel , 
Ei was estimated based on the pixel intensity(/) according to 
(Eq. 2.3) 
where b = 7.4 [1 09] and c was determined by setting the 9ih percentile of the 
pixel intensities within the vertebra to have a Young's modulus of 17 GPa [110], 
i.e., by assuming that pixels with intensity equal to the 9ih percentile were 
occupied by mature, lamellar tissue. A sensitivity analysis was performed to 
examine the effect of setting 17 GPa as the modulus corresponding to the 1 oath 
through the 95th percentile in intensity values. For some specimens, the 1 oath 
percentile corresponded to bright pixels from a few particles of metal dust that 
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became attached to the surface of the vertebra during sample preparation . The 
gih percentile fell in the middle of the range of percentile values over which the 
resulting value of EA was insensitive to the percentile value and for which the few 
pixels corresponding to the metal had minimum contribution to EA. 
The minimum value of EA over all transverse cross-sections (EAm;n) was 
identified for each vertebra since it has been hypothesized that fracture load is 
correlated with minimum structural rigidity [51]. Predicted vertebral strength was 
then defined using the yield strain of trabecular bone (0.0077mm/mm) [111] and 
the minimum axial rigidity: 
(Eq. 2.4) 
Statistical Analyses 
Repeated-measures analyses of variance (ANOVAs) (JMP 9.0, SAS 
Institute Inc., Cary, NC) were used to determine the dependence of each of the 
microstructural properties and the components of residual strain on anatomic 
location and sex. The data from the 4.81 mm, contiguous cubes were grouped by 
anatomic locations: 1) superior, middle or inferior transverse plane; 2) posterior, 
middle, or anterior coronal plane; and 3) left, middle, or right sagittal plane. For 
each outcome variable, a repeated-measures ANOVA was carried out for each of 
these three groupings and was followed by Wilcoxon signed-rank test for 
pairwise comparisons. Subsequently, analyses of covariance (ANCOVAs) were 
used to examine the dependence of residual strains on microstructural properties 
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(the covariate) and anatomic location and sex (the two grouping factors). These 
ANCOVAs were used to examine whether the regions of high residual strain 
occurred preferentially in certain anatomic locations within the vertebra and/or in 
locations with certain microstructural characteristics (e.g., low volume fraction) . 
For each microstructural variable and type of strain (compressive or shear), one 
ANCOVA was performed for each of the three anatomic groupings. The 
ANCOVAs allowed assessment of associations between strains and 
microstructure, and of interactions between microstructure and either or both 
grouping factors (e.g., whether and how the association between strain and 
volume fraction differed among transverse planes). All of these statistical 
analyses accounted for inclusion of multiple cubes and vertebrae (T1 0 and T11) 
from each donor, and the Bonferroni correction was used when applicable. 
Linear-regression analyses (JMP 9.0, SAS Institute Inc., Cary, NC) were 
used to determine the dependence of ultimate force, stiffness and toughness on 
each of the following combinations of explanatory variables: 1) Papp *GSA and 
QCVapp; 2) Papp*CSA; 3) BVITV*CSA and QCVsvrrv; 4) BVITV*CSA; and 5) EAmin· 
Restricted vs. full F-tests were used to compare regression models 1 and 2 and 
models 3 and 4 to examine the additional, predictive effect of accounting for 
intra-vertebral heterogeneity in density. J-tests [112] were used to compare 
model 5 to models 1 and 2 and also to models 3 and 4. Forward-stepwise 
regression analyses were used to test the dependence of ultimate force on the 
architectural parameters, using models 1 and 3 as the baseline. Finally, the effect 
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of accounting for intra-vertebral variation in density in addition to donor age and 
sex was analyzed using linear-regression analyses. A significance level of 0.05 
was used for all statistical analyses. 
Four vertebrae were excluded from the study. One vertebra had a pre-
existing fracture (T11, female, age 86), and a second suffered an operator error 
in mechanical testing (T1 0, male, age 87). Two additional vertebrae, which were 
both from one donor (male, age 86), were excluded because they had extremely 
low values of BV!TV and Papp and very thick shells compared to other vertebrae. 
The mean density of the elliptical VOl , the IQR in the cube densities, and the 
QCV in cube densities were either higher or lower than the median, elliptical-VOl 
density of all 32 vertebrae by two-to-four times the inter-quartile range (e.g., the 
inter-quartile range of the elliptical-VOl densities of the 32 vertebrae), and these 
two vertebrae were considered as outliers. 
RESULTS 
Distributions of trabecular microstructure and residual strain 
Substantial intra-vertebral heterogeneity in density and trabecular 
microstructure was observed. When the three transverse planes-superior, 
middle and inferior-were compared using a repeated-measures ANOVA, the 
middle plane was found to have high Papp and BV!TV, and low DA and SMI, while 
the superior plane had low ConnD and high DA (p<0.013) (Figure 2.3A-C) . The 
inferior transverse plane had the highest Tb.N* and lowest Tb.Sp* (p<0.001) . 
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Among coronal planes, the posterior plane had the highest Papp, BVfTV, ConnD, 
and Tb.N*, and the lowest Tb.Sp*, DA, and SMI(p<0.001). The middle sagittal 
plane had low ConnD and high SMI as compared to the left and right sagittal 
planes (p<0.033). The regional variations in microstructure exhibited a mild 
dependence on sex. Whereas men had higher ConnD and Tb.N* but lower 
Tb.Sp* than women overall (p<0.051), these sex-dependent differences were 
more pronounced for some regions than others. For example, the differences 
between sexes in Tb.N* and Tb.Sp* were larger in the superior and middle 
transverse planes as compared to the inferior plane. 
Residual strains were also non-uniformly distributed throughout the 
vertebra (Figure 2.30-E). The minimum principal strain (maximal compressive 
strain) was most compressive in the middle transverse plane (p=0.004). Near the 
superior endplate, larger compressive strains occurred in the center as compared 
to the periphery; a similar, though milder, trend was found near the inferior 
end plate, indicating overall a development of endplate biconcavity. No 
differences in minimum principal strain were found among coronal or sagittal 
planes (p>0.248). The maximum shear strain was higher in the middle transverse 
plane than in the inferior plane (p=0.008). High shear strains were distributed 
throughout the superior transverse plane; a trend that was different from the 
inferior plane, in which high shear strain occurred in the center. The middle 
sagittal plane had higher maximum shear strain than the left sagittal plane 
(p=0.047). No differences in maximum shear strain were found among the 
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coronal planes (p>0.480). Similar patterns of residual strain were found for both 
sexes; however, vertebrae from female donors tended to have higher shear 
strains in all transverse (p=0.071 ), coronal (p=0.087) and sagittal (p=0.019) 
planes. Neither the directions of the principal strains nor those of the maximum 
shear strain were uniformly aligned with the loading axis (superior-inferior 
direction) or the other two anatomical axes of the vertebrae. 
Relationships between Failure Patterns and Spatial Distributions of 
Trabecular Microstructure 
Failure patterns, as defined by the distributions of residual strain, were 
associated with the spatial distributions of multiple features of the trabecular 
microstructure. When the grouping of cubes was done according to coronal 
plane, the ANCOVAs indicated that small values of ConnD and Tb.N*, and high 
values Tb.Sp* were associated with large compressive (p<0.050) and large shear 
(p<0.025) strains, and low values DA were associated with large shear strains 
only (p=0.039). When the grouping was done according to sagittal plane, high 
values of Tb.Sp* were associated with large shear strains (p=0.015). 
Interaction terms in many of the ANCOVAs were also significant, meaning 
that the association between microstructure and strain differed depending on 
anatomic location and/or sex. For example, in the superior and middle transverse 
planes, large compressive strains were associated with low SMI, low Tb.N*, and 
high DA, and large shear strains were associated with low SMI, yet the opposite 
associations were found for the inferior transverse plane (p<0.049). High values 
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of Tb.Sp* were associated with large compressive and shear strains in the 
superior and inferior planes, yet the opposite association was found for the 
middle layer (p<0.016). With regards to sex, high DA was associated with low 
shear strains for women yet high shear strains for men (p<0.039). All other sex-
dependent differences were coupled with differences between T1 0 and T11. For 
example, for T1 0, high BVITV was associated with large strains for women and 
small strains for men, while the opposite result was found for T11 (p<0.003). 
Predictions of Mechanical Properties 
Accounting for the intra-vertebral variation in density in addition to mean 
density significantly improved predictions of vertebral strength. Including 
QCVsvrrv in addition to BVITV*CSA in the regression model improved the 
coefficient of determination (R2) from 0.61 to 0.75 (p<0.001) (Table 2.1 and 
Figure 2.4A). Including QCVapp in addition to Papp *GSA in the regression model 
produced a trend towards improved predictions (R2 = 0.73 vs. 0.76; p=0.096) 
(Table 2.1). Using IQR as a measure of heterogeneity produced similar results to 
those obtained with QCV, but with higher p-values from the F-tests (p=0.019 for 
the models with BVITV and p=0.127 for the models with Papp). Regression 
models with stiffness as a dependent variable were also improved when intra-
vertebral heterogeneity was included, though the coefficients of determination 
were lower than those for the regressions with strength as the dependent 
variable (Table 2.1). None of the regression models with toughness as a 
dependent variable were significant (p>0.3; Table 2.1). Although the minimum 
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axial rigidity (EA~;n) was a significant predictor of vertebral strength (p=0.003; 
Figure 2.48), the results of the J-tests indicated that models based on EAm;n did 
not perform as well as those based on the mean density and intra-vertebral 
heterogeneity in density (Table 2.2). For the stepwise regressions, including 
Con nO in addition to QCVsvrrv and BVITV*CSA improved predictions of vertebral 
strength (R2 = 0.75 vs. 0.76; p<0.001). However, none of the architectural 
parameters was found to improve the strength prediction when Papp was used 
instead of volume fraction as the measure of density. 
Accounting for the intra-vertebral variation in density also tended to 
improve the coefficient of determination when donor age and sex were 
considered. For example, including QCVsvtTv in addition to BVITV*CSA, age, and 
sex as explanatory variables improved the R2 value from 0.72 to 0.80 (p=0.005) . 
However, for this expanded set of explanatory variables, no improvement in the 
model prediction was found when Papp was used as the density measure 
(p=0.231). In these expanded models, sex was not a significant variable 
(p<0.116), and age showed a trend towards significance (p<0.094). 
The above findings regarding the predictive power of measures of intra-
vertebral heterogeneity were not specific to the 4.81 mm-cube size. The 
measures of heterogeneity computed for the different cube sizes were correlated 
with each other (BVITV: p<0.019 for all cube sizes; Papp: p<0.043 for cubes sizes 
>4.44 mm). Regression models of vertebral strength with intra-vertebral variation 
in density in addition to mean density were significant for all cube sizes 
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(p<0.004). However, the contribution of heterogeneity measures to the models 
was only significant for cube sizes 4.81 mm and 5.55 mm (F-tests: p<0.03). 
DISCUSSION 
In light of the growing attention on the potential biomechanical 
consequences of spatial inhomogeneity in bone structure within the vertebra and 
the possibilities of measuring this inhomogeneity in the clinical setting, our focus 
in this study was to examine the influence of intra-vertebral heterogeneity in 
density and microarchitecture on vertebral failure. We found multiple associations 
between the observed failure patterns and the spatial variations in density and 
microarchitecture. Interestingly, the middle transverse plane of the vertebrae had 
the highest density, lowest SMI (i.e., less rod-like trabeculae), and lowest degree 
of anisotropy, yet this plane experienced the highest compressive and shear 
strains. In contrast, the endplate concavity was more pronounced in the superior 
than inferior plane, and the superior plane had the lowest connectivity density 
and highest degree of anisotropy. When the interplay among anatomic location, 
sex, and microstructure was investigated via the ANCOVAs, low values of 
connectivity density and trabecular number, and high values of trabecular 
separation, were found to be associated with regions of high strain. Links 
between the other microarchitectural metrics and strain magnitudes differed 
depending on anatomic location and sex. These collective results indicate that 
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the locations of failure in the vertebra are influenced, but not determined purely, 
by local variations in density and microarchitecture. 
This association between the intra-vertebral distribution of bone tissue and 
vertebral failure patterns was also found to extend to vertebral strength and 
stiffness. Predictions of strength and stiffness based on average density and 
cross-sectional area were improved when the regression models also 
incorporated a numerical measure of the intra-vertebral heterogeneity in density. 
Though similar results were found whether the quartile coefficient of variation or 
the inter-quartile range was used as the measure of heterogeneity, the former 
may be preferred since it is independent of the mean (p>0.259). The regression 
models that incorporated intra-vertebral heterogeneity in density along with 
average density were further improved, albeit slightly, by including connectivity 
density. The fact that connectivity density was the lone microarchitectural 
property that enhanced the strength predictions, combined with our findings 
regarding the association between connectivity density and failure patterns, and 
with those of prior studies [31, 113], suggests a key role for this property in 
vertebral failure. Given that the intra-vertebral variance in density and trabecular 
connectivity can be measured clinically using multi-detector-row computed 
tomography (MDCT) [48], these results have immediate bearing on current 
clinical approaches to estimating vertebral strength and fracture risk. 
While our results regarding the predictive role of intra-vertebral 
heterogeneity appear consistent with prior studies [13, 14, 19, 15], there is an 
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important contradiction. Prior studies have shown a decrease in strength with 
increasing heterogeneity [15, 19], yet our data show the opposite. The two likely 
sources of this difference are that we quantified heterogeneity using regional 
density measures throughout the entire vertebral centrum, rather than in only a 
small sampling of regions, and that we used different statistical measures of 
heterogeneity. The distributions of density obtained from the contiguous cubes 
were non-Gaussian, prompting us to use the quartile coefficient of variation and 
inter-quartile range instead of the coefficient of variation and standard deviation 
as the heterogeneity measures. Moreover, the distributions were positively 
skewed (long right-hand tail), indicating that, for a given average density, 
increased heterogeneity arose from a larger number of cubes with high density 
(Figure 2.1 D), thus producing the positive correlation between heterogeneity and 
strength and stiffness. We revisited our data to sample regions of the vertebra 
that matched the regions defined by Kim et al. [19, 15] and to use the coefficient 
of variation as the heterogeneity measure, and we obtained similar results to 
those prior two studies. However, when we sampled our data to match the 
regions analyzed by Wegryzn et al. and used their heterogeneity measure (the 
ratio of the posterior to anterior volume fraction), we found no correlation with 
strength, perhaps due to differences in vertebral level (T1 O!T11 vs. L3) and scan 
resolution. These ancillary analyses indicate above all that how one defines the 
intra-vertebral heterogeneity in density can have a major effect on the results. 
We also examined heterogeneity by computing an estimate of the axial rigidity, 
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and similar to previous findings [52] found a comparatively poor correlation. 
Although CT-derived estimates of the structural rigidity of vertebrae provided 
reasonable predictions of strength fracture risk in vertebrae with metastases or 
simulated lytic lesions [108, 114], this method may be less effective for the 
comparatively subtle changes in vertebral trabecular bone due to aging. 
A novel aspect of this study was the use digital volume correlation to 
obtain direct, 3-D, experimental measurements of the failure patterns in the 
vertebral bodies. As compared to qualitative examination of plain-film X-rays, the 
DVC results provide more detailed descriptions of the deformations throughout 
the vertebral body. These results revealed that even though the vertebrae were 
loaded in axial compression, large shear deformations occurred, both in the mid-
transverse plane and underlying the central region of the inferior end plate, and 
the directions of greatest compressive strain were not always axial. The results 
also revealed more pronounced endplate concavity near the superior vs. inferior 
endplate, which could be attributed to endplate fracture. The DVC results were 
also essential for identifying the role of local variations in apparent mineral 
density, connectivity density, and other features of the microarchitecture in 
vertebral failure. This role appears to be complex, in that the influence of 
structure on the locations of failure was often mediated by anatomic location. 
Indeed, in contrast to prior hypotheses that regions of sparse, rod-like trabeculae 
in the vertebra are those at greatest risk for failure [31], we found that the 
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residual deformations were highest in the comparatively dense, less rod-like, and 
less anisotropic, mid-transverse plane of the vertebra. 
The limitations of this study relate mainly to the experimental procedures. 
First, the vertebrae used for this study were from lower thoracic spine and may 
not be applicable to other vertebral levels. Second, the need for high-resolution 
scans for the DVC analyses and regional measurements of microstructure 
precluded the use of a clinical CT scanner. Further work is required to determine 
if the utility of the intra-vertebral heterogeneity holds for clinical CT images and, 
possibly, dual-energy X-ray absorptiometry, which would involve lower radiation 
exposure. Third, we examined the effect of cube size for only a subset (n =14) of 
the vertebrae, and it is possible that we might have found a significant 
contribution of the intra-vertebral heterogeneity in density for additional cube 
sizes if we had enlarged that subset. However, we believe that it is unlikely that 
the contribution would be significant for cube sizes much different from 
approximately five millimeters on a side, because for regions much larger and 
much smaller, the trabecular structure within each region becomes very 
heterogeneous [1 05]. Fourth, we tested isolated vertebrae to avoid the 
confounding influence of the varying quality of the intervertebral discs, and the 
nature of the load application was necessarily less physiological as a result. The 
load distribution on the endplates is thought to be relatively uniform in healthy 
intervertebral discs and to become more non-uniform with disc degeneration [38]. 
In our experiments, we subjected all vertebrae to uniform loading and hence we 
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are not able to examine how the intra-vertebral heterogeneity in density and 
microarchitecture might result from disc degeneration or how the influence of this 
heterogeneity on vertebral failure might be altered by the presence of a 
degenerated disc. Finally, the deformations that we quantified were only the 
residual strains. The patterns of initial failure may be different. Prior studies that 
have quantified initial failure events in excised specimens of trabecular bone 
have found that the regions of initial failure tend to be those of low volume 
fraction and connectivity density [50,98], whereas our results for whole vertebral 
bodies show a more pronounced interaction between microstructure and 
anatomic location. At present, we cannot determine if this discrepancy is due to 
possible differences between initial and final failure patterns or to differences in 
failure mechanics between isolated specimens of trabecular bone and whole 
bones. Future work that involves 1JCT imaging while the compressive load is 
applied on the vertebra is necessary to obtain real-time, 3-D, strain 
measurements. 
In summary, we have found that non-invasive assessments of the intra-
vertebral heterogeneity in density can improve predictions of vertebral strength 
and stiffness and that local variations in microstructure are associated with failure 
patterns in the vertebra. Among the many microarchitectural parameters, 
connectivity density emerged as the most consistently associated with vertebral 
failure. These findings suggest the potential clinical utility of measurements of 
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connectivity density and the intra-vertebral heterogeneity in bone density for 
enhanced prediction of vertebral strength and fracture risk. 
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Figure 2.1 (A) Experimental setup for mechanical testing; (B) Representative 
load-displacement curve; (C) Representative, transverse iJCT cross-section 
showing the locations of the elliptical VOl and the 4.81 mm cubes; (D) 
Representative histograms and box-and-whisker plots showing the distribution of 
BVITV values (normalized by the total number of values, to give relative 
frequency) for the cubes in two vertebrae, one with low OCV and lOR and 
another with high OCV and lOR: In each box-and-whisker plot, the left side of 
the box is positioned at the 25th percentile (01; the value below which 25% of the 
values are found), the right side is positioned at the 75th percentile (03 ; the value 
below which 75% of the values are found), and the solid and dashed lines within 
the box represent the median and mean of the values, respectively. The two 
vertebrae have very similar median and mean BVITV values to each other, but 
one has a higher inter-vertebral variation in BVITV due to the presence of a 
relatively larger number cubes in the right-hand tail of the distribution 
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Pre-test scan 
Residual Strain 
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Right Left 
Ante 
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Figure 2.2 Schematic for using DVC to calculate residual strains (minimum 
principal strain is shown) in the vertebra using pre- and post-test scans 
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Figure 2.3 Distributions of: (A) Volume fraction; (B) Apparent mineral density; (C) 
Connectivity density; (D) Minimum principal strain (large compressive strains 
shown in red) ; (E) Maximum shear strain (large shear strains shown in red) . The 
color of each of the nine regions corresponds to the median value over all 
vertebrae. *: Significantly different transverse planes; # : Significantly different 
coronal planes 
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Figure 2.4 Measured ultimate force vs. the ultimate force predicted from: (A) 
BVfTV*CSA and QCVsvtrv (B) EAmin· RMSE: root mean square error. In (A), the 
regression result for the model without QCVsvtrv is shown for comparison 
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Table 2.1 Regressions of mechanical properties against measures of average 
density (either BVfTV or Papp), with and without the QCV in density (n=28). *: 
Regression is significant (p<0.05). +: F-test indicates an improvement in the R2 
value when QCV is added to the regression model (p<0.05) 
Explanatory variable(s) 
Ultimate Force 
QCVoensity 
Density*CSA 
Density*CSA, QCVoensity 
Stiffness 
QCVoensity 
Density*CSA 
Density*CSA, QCVoensity 
Toughness 
QCVoensity 
Density*CSA 
Density*CSA, QCVoensity 
Volume Fraction 
(BVfTV) 
R2 F-test p-
0.13 
0.61* 
0.75* 
0.18* 
0.26* 
0.44* 
0.03 
0.03 
0.05 
value 
J 0.001+ 
J 0.008+ 
J 0.403 
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Apparent Mineral 
Density (Papp) 
R2 F-test p-
0.00 
0.73* 
0.76* 
0.02 
0.27* 
0.32* 
0.00 
0.04 
0.04 
value 
]o.o96 
]o.189 
]o.883 
Table 2.2 Regression models ranked using J-tests from best to worst predictions 
of vertebral strength (n=28). EAmin is not computed using BVITV or Papp, so the 
results for this model are the same for both of the sets of columns 
Apparent Mineral Density Volume Fraction (BVITV) Explanatory (Papp) 
variable(s) Rank R2 RMSE Rank R2 RMSE 
(kN) (kN) 
Density*CSA, 1 0.76 0.50 1 0.75 0.51 
QCVoensity 
Density*CSA 1 0.73 0.52 2 0.61 0.63 
EAmin 3 0.29 0.85 3 0.29 0.85 
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THE INTRA VERTEBRAL DISTRIBUTION OF BONE DENSITY: 
CORRESPONDENCE TO INTERVERTEBRAL DISC HEALTH AND 
IMPLICATIONS FOR VERTEBRAL STRENGTH 
INTRODUCTION 
Vertebral fractures, the most common type of osteoporotic fracture [2], are 
associated with pain, difficulty in performing activities of daily living, depression, 
overall decreased quality of life, and increased mortality rates [115-117]. The 
limitations of current methods of estimating an individual's risk of vertebral 
fracture, which rely heavily on measurement of the average bone mineral density 
(BMD) in the vertebral body, are well recognized. For example, average BMD 
explains only -60% of the variance in vertebral strength [11 ], and nearly half of 
the individuals who fracture do not exhibit average BMD in the osteoporotic 
range [1 0]. Noting that the intravertebral distribution of BMD is highly spatially 
heterogeneous, prior studies have proposed using regional measurements of 
BMD [13, 118,29] or quantitative measures of the intravertebral heterogeneity in 
regional BMD values [119, 13, 15, 19, 16] for improved predictions of vertebral 
strength and fracture risk. Recent data show that vertebral strength depends on 
the magnitude of the intravertebral heterogeneity in density [119]. However, the 
biomechanical mechanisms by which the spatial heterogeneity in BMD affects 
vertebral strength and fracture have not been established. Identifying these 
mechanisms would greatly benefit predictions of vertebral fracture and would 
enhance current understanding of the pathogenesis of these fractures. 
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Spatial heterogeneity in BMD within the vertebral trabecular centrum has 
been postulated to depend on the health of the adjacent intervertebral discs 
(IVDs) [32-36]. Numerous studies have shown marked effects of disc 
degeneration on the distribution of pressure in the IVD [37,38], on the way an 
applied load is distributed across the endplates [39-41], and on stress and strain 
distributions in the vertebra [36,39,42-44]. While no direct evidence of bone 
adaptation in response to IVD degeneration has been reported, spatial 
distributions of density differ in spine segments with vs. without IVD degeneration 
[32-34]. In vertebrae adjacent to degenerated IVDs, trabecular bone is denser 
and stronger in the posterior than anterior regions of the centrum [32,33, 17], 
consistent [36] with measurements of disc pressure [37,45) showing reduced and 
elevated pressure in the nucleus pulposus and posterior annulus fibrosus, 
respectively, in degenerated IVDs. These data indicate that, regardless of 
whether the spatial distribution of bone density within the vertebra arises from 
degenerative changes in the adjacent IVDs, the biomechanical consequences of 
the intravertebral heterogeneity in BMD may correspond closely to the interplay 
between vertebra and IVD. 
The overall goal of this study was to determine associations among the 
intravertebral heterogeneity in bone density, bone strength, and IVD health . 
Whereas prior studies on the impact of intravertebral heterogeneity in density on 
bone strength have primarily used density measurements obtained from micro-
computed tomography (IJCT) [119, 19, 15] or high-resolution peripheral 
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quantitative computed tomography (HR-pQCT) [16], we sought here to increase 
the clinical relevance for the axial skeleton by using QCT. Therefore, the 
objectives of this study were: (1) to compare quantitative measures of the 
magnitude of the intravertebral heterogeneity in density measured by QCT vs. 
1JCT; (2) to assess the use of quantitative measures of the magnitude of the 
intravertebral heterogeneity to improve predictions of vertebral strength; and (3) 
to determine whether the spatial distribution of bone density within the vertebra is 
associated with vertebral strength, the magnitude of the intravertebral 
heterogeneity in density, and the health of the adjacent IVDs. 
METHODS 
Specimen Preparation 
Thirty spine segments consisting of L 1 with adjacent IVDs were harvested 
from fresh-frozen spines (age range: 41-91 years, mean± SO: 79.9 ± 11.3, 14 
female and 16 male) by making a transverse cut just above the inferior end plate 
of T12 and another transverse cut just below the superior end plate of L2 (Figure 
3.1A). The posterior elements were removed in order to allow the spine segment 
to fit within the mechanical testing device, as described below. The spine 
segments were kept hydrated at all times and were wrapped in saline-soaked 
gauze at -20°C when not in use. 
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Imaging and Mechanical Testing 
The top and bottom end plates of each specimen were potted in circular, 
radiolucent dishes filled with 2-4 mm of polymethylmethacrylate (PMMA), and 
were imaged with QCT (GE Healthcare, Waukesha, WI) at a two resolutions: 1) 
0.32 x 0.32 x 0.626 mm/voxel and 0.7 x 0.7 x 0.626 mm/voxel for volumetric 
BMD and areal BMD measurements, respectively. For the high-resolution scans, 
the voltage, current, scan field of view and volume computed tomography dose 
index (CTDI) were 120 kVp, 240 rnA, 32 mm, 96.5 mGy, respectively, and the 
reconstructions were done using the bone convolution kernel and head filter. The 
settings for the low-resolution scans were 120 kVp, 120 rnA, 50 mm, 23.78 mGy, 
respectively, and the reconstructions were done using the bone convolution 
kernel and body filter. A three-component, calcium hydroxyapatite phantom of 
densities 150, 75 and 0 mg/cm3 (Image Analysis, Columbia, KY) was included in 
the scan field of view and was used to convert intensity values into mineral 
densities. The specimens were also scanned via 1-JCT (1JCT80, Scanco Medical, 
BrOttisellen, Switzerland) at a resolution 37 1-Jm/voxel. The settings for voltage, 
current and integration time were 70 kVp, 114 rnA, and 300 ms, respectively. 
The specimens were compressed to failure under axial force as described 
elsewhere [120]. Briefly, each specimen was subjected to ten cycles of 
preconditioning to 400 N, after which the specimen was loaded to failure in a 
stepwise fashion in increments of 1 mm applied at a rate of 0.25 mm/sec, and 
held for the length of time required for the load to equilibrate (approximately 20 
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minutes) and to complete a 1JCT scan (approximately 3 hours). The resulting 
series of 1JCT scans were used in a separate investigation on quantitative 
visualization of vertebral failure [120]. The ultimate force (Fult) was defined as the 
maximum force sustained by the vertebra (Figure 3.1 B). 
Average Density and the Magnitude of the lntravertebral Heterogeneity in 
Density 
Average volumetric bone mineral density (vBMD) and cross-sectional area 
(GSA) were calculated for the largest elliptical cylinder that would fit within the 
trabecular centrum (Figure 3.1 C) [119]. To quantify the intravertebral 
heterogeneity in density, a 3-D layout of contiguous, 5mm cubes was defined in 
order to fill the trabecular centrum (Figure 3.1C). On average, this 3-D layout 
contained 98 cubes (range: 34-160). vBMD was calculated for each cube, and 
two quantitative measures of the magnitude of the intravertebral heterogeneity in 
density were computed: the inter-quartile range (IORsMo) and quartile coefficient 
of variation (OCVsMo) of the cube vBMD values [119]. The OCV is calculated as: 
(Eq . 3.1) 
where 0 1 and 0 3 are the first and third quartiles, respectively. We note that the 
quantity 0 3 - 01 is the inter-quartile range. For non-normal distributions of data, 
the quartile coefficient of variation is a better measure of relative dispersion than 
is the coefficient of variation. All of the above measurements were made on the 
high-resolution OCT images. Using the 1JCT images, an identical set of 
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measurements was made, only with bone volume fraction (BVfTV) and apparent 
mineral density (PApp, defined as the average mineral density of the bone and 
marrow space combined) as the density measures, instead of vBMD. 
The low-resolution QCT images were used to estimate the areal BMD that 
would be measured by lateral dual-energy X-ray absorptiometry (DXA). In this 
process, a lateral projection of the vertebra was generated, and the average 
areal BMD (aBMD) for the entire vertebral body, inclusive of cortical shell and 
endplates (Figure 3.1 D), was calculated using this projection and the density 
phantom in the QCT scan. The low-resolution QCT images were also used to 
obtain an estimate of the axial rigidity (EA). Axial rigidity is a measure of the 
effective axial stiffness of a structure; E and A represent the stiffness of the 
material in the structure and the cross-sectional area of the structure, 
respectively. In each transverse QCT slice, the axial rigidity of that cross-section 
of the vertebra is computed as 
N 
EA = 2:E;dA (Eq. 3.2) 
i =l 
where E; is the estimated Young's modulus of the tissue contained in the ith pixel, 
dA is the area of one pixel, and N is number of pixels in the cross-section 
[51, 1 08]. A published relationship between the axial Young's modulus of 
vertebral trabecular bone and QCT density (pacr ) [82] was used to obtain Ei : 
Ei = -34.7 + 3230pQCT . (Eq. 3.3) 
58 
The minimum value of EA over all transverse cross-sections (EAmin) was 
identified for each vertebra, because the strength of the vertebra has been 
hypothesized to be correlated with this minimum value [51]. 
A subset of the total sample (n=22 vertebrae) was used to examine 
whether measures of the magnitude of the intravertebral heterogeneity in density 
depended on the cube size. A cube layout was defined in each centrum using a 
different, alternate cube size: 4.38mm, 5.63mm, 6.25mm, 8.13mm, and 1 Omm. 
The data from these cubes were analyzed in the same manner as the 5mm 
cubes. 
Spatial Distribution of Bone Density 
The spatial distribution of bone density throughout the centrum was first 
examined by classifying each cube according to its location in each of the three 
anatomic planes (Figure 3.1 E): anterior, middle, posterior coronal plane; 
superior, middle, inferior transverse plane; and left, middle, right sagittal plane. 
The boundaries between planes divided the centrum into approximate thirds. The 
spatial distribution of densities among these 27 regions was qualitatively 
observed to differ among vertebrae primarily within the posterior coronal plane, in 
the relative magnitudes of anterior to posterior densities, and in the relative 
magnitudes of densities in the outer regions vs. in the central core of the 
centrum. Thus, a set of five ratios of densities was calculated for each vertebra: 
anterior to posterior (AlP); central to outer (C/0); inferior to mid-transverse (1/T); 
superior to mid-transverse (SIT); and medial to lateral (M/L) . Within each of the 
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locations used in one of these ratios (e.g., A, P, C, 0, etc.), the median cube 
density was used in calculation of the ratio. 
Intervertebral Disc Health 
Frontal and sagittal radiographic views were constructed from the high-
resolution QCT images by generating 2-D projections from the 3-D image data. 
Disc space narrowing (DSN) in the IVDs adjacent to L 1 was scored based on the 
Lane scoring system [121]. IVDs were also scored according to a new measure, 
the "apparent loss of disc integrity" (ALDI), that was developed for this study 
based on the appearance of the IVDs in transverse OCT slices (Figure 3.2). As 
supported by subsequent histological examination, the presence of a dark central 
region in the QCT image of the IVD indicated a relatively healthy nucleus 
pulposus, as would be expected based on the high water content of this tissue in 
the healthy state. Lack of discernibility of the presumptive nucleus pulposus in 
the image and/or the appearance of fissures and clefts were taken to indicate 
degenerative changes. As with DSN, ALDI scores range from 0-2, with a higher 
score indicating increased degenerative changes (Figure 3.2) . 
The subsequent histological examination for comparison to ALDI scores 
involved first extracting a mid-sagittal section (-7-mm-thick) of the T12-L 1 and 
L 1-L2 IVDs, inclusive of endplates and adjacent subchondral bone, using a low-
speed saw (lsomet Low Speed Saw, Buehler, Lake Bluff, IL). This extraction was 
performed after mechanical testing of the spine segments. After extraction, the 
specimens were fixed in 10% paraformaldehyde for eight days (solution changed 
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every two days) and decalcified in Morse's Solution (1 0% sodium citrate, 20% 
formic acid) for 12 days (solution changed daily). The specimens were then 
progressively dehydrated in ethanol solutions of increasing concentration (up to 
70%) and were embedded in paraffin. Ten-!Jm-thick, sagittal sections were taken 
on a microtome (Leica Biosystems, Buffalo Grove, IL) , mounted on microscope 
slides, cleared in Xylene, rehydrated, and finally stained with Fast Green, Alcian 
Blue, Safrinin-0, and Tartrazine (FAST) [122] . 
Statistical Analyses 
A significance level of 0.05 was used in all statistical analyses. Pairwise 
Pearson correlation coefficients were calculated for the different measures of 
bone density and intravertebral heterogeneity in density measured by OCT vs. 
!JCT. 
Linear-regression analyses (JMP 9.0, SAS Institute Inc. , Cary, NC) were 
used to determine the dependence of ultimate force on each of the following 
combinations of explanatory variables (the asterisk indicates multiplication): 1) 
average vBMD * CSA; 2) average vBMD * CSA and IORsMo; 3) average vBMD * 
CSA and QCVsMo; 4) aBMD; and 5) EAmin· To examine the additional, predictive 
effect of accounting for intravertebral heterogeneity in density, restricted vs . full 
F-tests were used to compare regression models 1 and 2, and to compare 
models 1 and 3. J-tests [112] were used to ranked the five regression models 
from best to worst predictive performance. The regression models listed above 
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were also investigated with donor age and sex as additional explanatory 
variables. 
A hierarchical cluster analysis was performed on the five density ratios 
(JMP 9.0) . This analysis identifies groups of specimens exhibiting similar density 
ratios to one another such that the extent of similarity is high within each group 
and low between groups. The process begins by placing each specimen in its 
own cluster. Then at each step, by quantifying the similarity between clusters, the 
two clusters that are closest together are merged into a single cluster. The 
measure of similarity, or distance, is a single number representing the squared 
difference between two clusters' mean density ratios, summed over the five 
density ratios and normalized by the number of specimens in the two clusters 
(Ward's method). The process continues until all specimens are contained in one 
cluster. The number of clusters that results in a natural division of specimens into 
distinct groups, each with a high degree of similarity among group members, is 
the number of clusters at which further merging of clusters produces a sharp 
increase in the distance between the two clusters being merged. 
The clusters identified from the analysis just described were examined 
with respect to the density-adjusted bone strength, defined as the residual from 
the regression of strength against the product of average vBMD and CSA (i.e ., 
the residual from regression model 1 ). The clusters were also examined with 
respect to IORsMo, QCVsMo, and disc scores. Differences among clusters in each 
of density-adjust~d strength, IORsMo, and QCVsMo were determined using 
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analysis of variance. Differences among clusters in disc scores were determined 
using contingency analysis. IORsMo, OCVsMo, and density-adjusted strength 
were classified as "high", "average", or "low" according to the upper, middle two, 
and lower quartiles, respectively. 
One specimen was excluded from the study. The sample was misaligned 
during mechanical testing (male, age 82). 
RESULTS 
Comparison of QCT and iJCT Measures of lntravertebral Heterogeneity in 
Density 
OCT-based measures of the intravertebral heterogeneity in density were 
correlated to those measured using 1JCT. IORsMo was strongly correlated to 
IORAppand IORsvrrv (R>0.814, p<0.001). OCVsMo was correlated to OCVAppand 
OCVsvrrv (R>0.504, p<0.005) (Table 3.1). Average vBMD was also correlated to 
average BV!TV and average PApp (R>0.612, p<0.001; Table 3.1). For both OCT-
and 1JCT-based measurements the magnitude of the intravertebral heterogeneity 
in density (lOR and OCV) varied widely among vertebrae (Figure 3.3A) . 
Predictions of Vertebral Strength 
Accounting for the magnitude of the intravertebral heterogeneity in 
density, as measured by lOR, in addition to mean density significantly improved 
strength predictions. Model 2 outperformed model 1 (R2=0.59 vs. R2=0.43; F-test 
p-value=0.018) and was the best-performing regression model (Figure 3.38, 
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Table 3.2) . In contrast, model 3, which used QCVsMo as the heterogeneity 
measure, performed equivalently to model 1 (R2=0.47 vs. R2=0.43; F-test p-
value=0.237). The model based on aBMD (model 4; R2=0.22, p=0.030) was 
inferior to models 1-3, and EAmin (model 5) was not predictive of vertebral 
strength (R2=0.01, p=0.730; Table 3.2). Notably, the results of model 2 indicated 
that after adjusting for average vBMD * CSA, strength was positively correlated 
with IORsMo, i.e. vertebrae with greater heterogeneity in density were stronger 
than those with lesser heterogeneity for the same amount of bone. 
Accounting for the magnitude of the intravertebral heterogeneity in density 
also tended to improve the R2 value when donor age and sex were considered. 
For example, including IORsMo in addition to average vBMD * CSA, age, and sex 
as explanatory variables improved the R2 value from 0.44 (p=0.019) to 0.59 
(p=0.005; F-test p=0.027). In this expanded model, sex and age were not 
significant variables (p>O. 783) . Similar results were found for QCVsMD· 
The above findings regarding the predictive power of measures of 
intravertebral heterogeneity were not specific to the 5mm-cube size. Values of 
IORsMo computed for the different cube sizes were all correlated with each other 
(p<0.025 for all cube sizes). Values of QCVsMo were correlated for all cube sizes 
(p<0.049) except for the 8.13mm cube size for which no correlations with the 
QCV values from other sizes were found (p>0.065). Regressions of vertebral 
strength against IORsMo in addition to average vBMD * CSA were significant for 
all cube sizes (p<0.004). However, the added contribution of IORsMo to the 
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models was only significant for cubes of size 4.38 mm and 5.63 mm (F-tests: 
p<0.044). For QCVsMo, none of the cube sizes yielded improved predictions of 
strength as compared to the regression model with only average vBMD *GSA 
(p>0.146). 
Correspondence among Spatial Distributions of Bone Density, Vertebral 
Strength, the Magnitude of the lntravertebral Heterogeneity in Density, and 
IVD Health 
Five characteristic spatial distributions were identified by cluster analysis 
(Figure 3.4A-E). No single distribution was associated with high density-adjusted 
strength or high IORsMD· Instead, the vertebrae with high density-adjusted 
strength and/or high IORsMo were distributed among four of the clusters (clusters 
1, 2, 3, 5; Figure 3.4A-C,E). The remaining spatial distribution, cluster 4, 
contained vertebrae with lower density-adjusted strength and lower IORsMo as 
compared to clusters 1 and 3 (p<0.02), respectively. Cluster 4 was characterized 
by a high AlP ratio, and over all vertebrae, this ratio was inversely correlated with 
adjusted strength (p<0.01) (Figure 3.4F). QCVsMo values were higher in cluster 2 
compared to 1 (p=0.043). No other differences in QCVsMo were found among 
clusters (p=0.216). 
No differences in IVD scores were found among clusters (p>0.493). 
However, clusters 2 and 5 (Figure 3.4B,E) did not contain any vertebrae with 
severe DSN, and the common features of their spatial distributions of density 
were relatively high C/0 and MIL ratios. In contrast to the vertebrae in cluster 2, 
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those in cluster 5 did not have healthy ALDI scores and tended to have higher 
S!T (p=0.052) and 1fT (p=0.052) ratios. Further, for clusters 2 and 5, vertebrae 
with high density-adjusted strength tended to have lower DSN score, and/or 
those with low density-adjusted strength tended to have higher DSN score, 
relative to the other vertebrae in the same cluster. 
DISCUSSION 
The intravertebral distribution of bone density is a key determinant of how 
loads transferred from the IVDs are borne by the vertebra. Thus, investigation of 
the interplay among the spatial distribution of density within the vertebra, IVD 
health, and vertebral strength has many implications for understanding the 
biomechanical mechanisms of vertebral fracture and for non-invasive 
assessments of vertebral strength and fracture risk. This study has advanced this 
line of inquiry in several ways. First, the strong correlations between QCT- and 
!JCT-based measures of the magnitude of the intravertebral heterogeneity in 
density, as well as the finding that the regression model with IORsMo 
outperformed the model that accounted only for average vBMD and CSA, 
demonstrate the potential for using OCT-based measurement of IORsMo to 
improve predictions of vertebral strength. A key part of this result was that after 
adjustment for mean density, vertebral bodies with greater heterogeneity in 
density (i.e., larger values of IORsMo) exhibited higher vertebral strength under 
axial compressive loading. Second , we found high IORsMo and high density-
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adjusted strength were not associated with any one particular spatial distribution 
of density within the vertebra (i.e. , one cluster) , but rather multiple spatial 
distributions. Third, we found that for two of the characteristic spatial distributions 
(clusters 2 and 5) , the density-adjusted strength showed some correspondence 
with DSN. If IVD health is indicative of the manner in which an applied 
compressive load is distributed across the endplate [37,38], then this 
correspondence suggests that, after adjustment for mean density, the strength of 
the vertebra may depend on how well matched the locations of high regional 
densities are to the locations subjected to a greater fraction of the applied load. 
Together, these results indicate that non-invasive predictions of vertebral 
strength can benefit from considering the magnitude of the intravertebral 
heterogeneity in density and that further benefits may come from considering the 
congruence between the specific spatial distribution of density throughout the 
vertebral body and the health of the adjacent IVDs. 
The primary strength of this study lies in the direct comparison of the 
spatial distributions of bone density to vertebral strength and IVD health. 
Moreover, because these comparisons used a measure of vertebral strength that 
was adjusted for average vBMD and CSA, the analyses could examine the role 
of the spatial heterogeneity in density within the vertebral body without the 
confounding influence of differences in average density and bone size. These 
comparisons enabled us to delve into the intriguing finding that greater IORsMo 
was positively correlated with vertebra strength, even after accounting for 
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average vBMD and CSA. Although prior studies of have suggested that smaller 
amounts of heterogeneity might confer higher bone strength [15, 19], larger 
amounts of heterogeneity could be advantageous if the particular spatial 
distribution of bone density matches the way that load is distributed throughout 
the vertebral body. For example, prior measurements have shown that in erect 
spinal postures, less than half of the total load applied to the vertebral body is 
distributed over the anterior half, and that this fraction decreases with age 
[35,45]. Vertebral bodies with higher density posteriorly than anteriorly would be 
expected to exhibit higher strength under this type of load distribution; this 
supposition is supported by the inverse correlation shown in Figure 3.4F. In 
addition, from experimental studies and computer simulations, a prevailing 
hypothesis has emerged that IVD degeneration results in transfer of more of the 
applied load to the outer regions of the vertebral body, thus causing resorption in 
the central and mid-transverse regions [32, 17,42,65]. Consistent with this 
hypothesis, our results show that in the two clusters with an absence of severe 
DSN (clusters 2 and 5), the vertebrae exhibited relatively high densities in the 
central and medial regions, and among these vertebrae, those with poor ALDI 
scores tended to have relatively low densities in the mid-transverse region. It is 
important to note that different activities and postures, such as forward flexion 
[35], may change the extent of the correspondence between load distribution and 
density distribution. 
Just as congruence between the spatial distribution of density and the way 
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in which the IVDs distribute the load across the vertebral endplates supports the 
role of bone adaptation in producing the observed clusters, a lack of such 
congruence may jeopardize vertebral strength . For example, the combination of 
healthy IVDs and a spatial distribution of density characterized by low density in 
the central and mid-transverse regions of the vertebral body has been suggested 
to be particularly prone to vertebral fracture [65]. Our results also indicate that the 
opposite spatial distribution (high density in the central and mid-transverse 
regions), when combined with moderate DSN, tended to be associated with low 
density-adjusted strength. This notion of incongruence may be relevant to the 
conflicting reports that exist as to whether IVD degeneration is a risk factor for, 
unassociated with, or protective against, vertebral fracture [123]. Continued 
examination of associations among spatial distributions of density, IVD 
degeneration, vertebral strength may help resolve this conflict. 
Several limitations of this study should be mentioned. First, the QCT 
scans performed here would subject patients to higher radiation dose as 
compared to DXA. However, given that QCT is now a standard research tool in 
large-scale studies of the epidemiology of, and interventions for, osteoporosis, 
the methods used herein could be applied to these patient cohorts in both cross-
sectional and longitudinal investigations to provide a powerful examination of the 
correspondence among spatial heterogeneity in density, IVD degeneration, and 
vertebral strength. Second, due to the size restrictions of the !JCT scanner and 
the need to have !JCT scans to validate the QCT -based measurements of 
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heterogeneity, the posterior elements were removed prior to testing , thus 
rendering the applied loading somewhat non-physiologic. Future studies using 
newer 1JCT systems that can accommodate larger specimens are needed to 
examine the effect of load transmission through the facet joints on the results 
presented here. Another consequence of removing the posterior elements was 
that simulating anterior-posterior DXA measurements would be much less 
physiologic than simulating the less commonly used lateral DXA measurements. 
However, recent studies have shown that aBMD measured by lateral DXA is 
more strongly correlated with vertebral strength than PA DXA [118, 124], which 
suggests that the regression models with IORsMo would also outperform a model 
using aBMD measured by PA DXA. Third, the applied loading was stepwise, and 
it is possible that the failure mechanisms differed as compared to the case of 
application of a steadily increasing load until failure. No experimental method for 
visualizing failure mechanisms for the latter type of loading has been reported ; 
however, the ultimate loads recorded here (2.2 ± 0.5 kN) are in agreement with 
previously published data for continuous loading of lumbar vertebral segments 
[14]. This type of agreement has also been shown for stepwise vs. continuous 
loading of trabecular bone [21]. Fourth, although the ALDI scores were assigned 
based on the consensus among four graders this new scoring system has not yet 
been fully validated with respect to inter- and intra-observer reliability. Finally, 
there is some subjectivity in the choice of the number of clusters in hierarchical 
cluster analysis. Had we chosen four rather than five clusters, then clusters 3 and 
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4 would have been combined, and the four clusters would not differ among each 
other with respect to density-adjusted strength or IORsMo (p>0.31). 
The outcomes of this study extend prior investigations on the 
biomechanical implications of intravertebral heterogeneity in density. Many of the 
present results, such as the effect of cube size on the measures of heterogeneity 
and the relatively poor predictive performance of axial rigidity, are in agreement 
with our previous results using ~CT [119]. The only substantive disagreement 
with those earlier, ~CT-based results is that those results showed that both 
measures of the magnitude of the intravertebral heterogeneity in density, IQR 
and QCV, improved predictions of vertebral strength. An important, additional 
point of agreement is that both of these studies have found that the IQR is 
positively correlated with vertebral strength-even after accounting for average 
density and CSA-as a result of the presence of a larger number of cubes of 
high density in the vertebrae with large IQR (note the positive skewness in the 
high-IQR distribution shown in Figure 3.3A). That no single spatial distribution of 
density within the vertebra (Figure 3.4) was associated with high density-adjusted 
strength suggests that there are multiple combinations of locations of these high-
density cubes that can be beneficial to bone strength. Robust identification of 
these combinations, which will require consideration of multiple loading 
conditions and IVD health, stands to contribute substantially to current 
understanding of the pathogenesis of vertebral fractures and to development of 
more powerful predictors of bone strength and fracture risk. 
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Figure 3.1 (A) Experimental setup for mechanical testing ; (B) Representative 
load-displacement curve; (C) Representative, transverse OCT cross-section 
showing the locations of the elliptical cylinder and one layer of the 5mm cubes; 
(D) Lateral projection of a OCT image stack showing the region used for 
estimating aBMD as would be measured by lateral DXA; (E) Partitioning of the 
vertebral body into 27 regions created by dividing the vertebral body in thirds 
along each anatomic direction, and subsequent pooling of these regions for the 
purpose of computing ratios of regional densities (gray shading is for 
visualization only and does not indicate systematic regional differences in 
densities) 
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. - . 
Primary: Indiscernible NP; fissures and/or calcification . 
Secondary: Moderate to large osteophytes 
Figure 3.2 ALDI scoring system: Shown at the left in each of the three rows is a 
transverse OCT slice of the IVD. The ALDI score is shown at the top left, and 
below the image is a description of the features of the appearance of the IVD in 
the OCT image that merit that score (AF=annulus fibrosus; NP=nucleus 
pulposus). Scoring is based primarily on the appearance of the NP and AF and 
secondarily on the presence or absence of osteophytes. Yellow, orange, and red 
regions are portions of the end plates and calcification within the IVD; no 
osteophytes were present in the OCT images of the mid-sections of these three 
IVDs. Shown at the top and bottom right in each row are a corresponding optical 
image and histological section (FAST staining), respectively, of a sagittal cross-
section of the IVD. The OCT image was acquired before mechanical testing , and 
the optical images and histological sections were obtained after mechanical 
testing 
73 
A 
0.75 
>-g 0.60 
Q) 
:::J 
0" ~ 0.45 
LL. 
Q) 
1; o.3o 
Ill 
Qj 
0:::: 0.15 
0.00 
0 ~00 0 
0 0 0 
~ Low IQR9M0 
Gl High IQRBMD 
15 45 75 105 135 165 195 225 255 285 
QCT BMD [mg/ccm HA] 
B 
z 3.5 
~ 
Q) 
~ 3.0 
0 
LL. 
2 2.5 
Ill 
E 5 2.0 
-o 
Q) 1.5 L.. :::J 
rJ) 
Ill Q) 1.0 ~ 
• vBMD*CSA, IQRBMD 
o vBMD*CSA eo 
• 
• 0 
eo 
• rDJ 
1.0 1.5 2.0 2.5 3.0 3.5 
Predicted Ultimate Force [kN] 
Figure 3.3 (A) Representative histograms and box-and-whisker plots showing the 
distribution of cube BMD values (normalized by the total number of values, to 
give relative frequency) for the cubes in two vertebrae, one with low IORsMo and 
another with high IORsMo: In each box-and-whisker plot, the left side of the box 
is positioned at the 25th percentile , the right side is positioned at the 75th 
percentile, and the solid and dashed lines within the box represent the median 
and mean of the values, respectively. The lower 'whisker' extends down to either 
the smallest value or to the 25th percentile minus 1.5 times the inter-quartile 
range, whichever produces a shorter whisker. If the latter produces a shorter 
whisker, then the lower values are marked as individual points. The upper 
'whisker' extends up to either the largest value or to the 75th percentile plus 1.5 
times the inter-quartile range, whichever produces a shorter whisker. If the latter 
produces a shorter whisker, then the higher values are marked as individual 
points. For example, for the low IORsMo specimen , the left whisker extends down 
to the smallest value, and the right whisker extends up to the 75th percentile plus 
1.5 times the inter-quartile range. (B) Measured ultimate force vs. the ultimate 
force predicted from average vBMD *GSA and IORsMo (model 3). The regression 
result for the model without IORsMo (model 1) is shown for comparison 
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Figure 3.4 (A-E) Five characteristic, spatial distributions of density within the 
vertebral body, shown for the L 1 vertebrae: Thicker lines are for vertebrae with 
high density-adjusted strength. Line color denotes average ALDI score for the 
two adjacent IVDs (blue=O, green=1 , red=2). Line style denotes average DSN 
score (solid=O, dashed=1, dotted=2); (F) AlP density ratio is negatively correlated 
with density-adjusted strength (p<0.014). Symbols show ALDI and DSN scores, 
each averaged over the two adjacent IVDs 
Table 3.1 Correlations between density measures calculated from QCT and j.JCT 
images 
j.JCT Measure Correlation p-value QCT Measure Coefficient 
IORsMo IORsvrrv 0.814 <0.001 
IORsMo IQRApp 0.833 <0.001 
QCVsMD QCVsvrrv 0.504 0.005 
QCVsMD QCVApp 0.725 <0.001 
Average vBMD Average BVITV 0.612 <0.001 
Average vBMD Average PApp 0.656 <0.001 
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Table 3.2 Regressions of vertebral strength against measures of average density 
with and without IORsMo, aBMD, and EAmin (n=29). The last column shows the 
rank based on J-tests (rank 1 is the best model; rank 3 is the worst model). *: 
Regression is significant (p<0.05). +: F-test indicates an improvement in the R2 
value when IORsMo is added to regression model 1 (p<0.05). N/A: not applicable, 
since the regression was not significant 
Model Explanatory variable(s) p-value F-test Rank p-value:t: 
1 Average vBMD * CSA 0.43 0.001* 2 
2 Average vBMD * CSA, IORsMo 0.59 0.001* 0.018+ 1 
3 Average vBMD * CSA, QCVsMo 0.47 0.003* 0.237 2 
4 aBMD 0.22 0.03* 3 
5 EAmin 0.01 0.73 N/A 
t the R2 value when IORsMo or QCVsMo are added to regression model 1 
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INTRA-VERTEBRAL HETEROGENEITY IN BONE DENSITY IS ASSOCIATED 
WITH PREVALENT VERTEBRAL FRACTURES IN POSTMENOPAUSAL 
WOMEN 
INTRODUCTION 
Osteoporosis affects one in three post-menopausal women [125], is 
characterized by low bone mass and compromised bone microarchitecture, and 
leads to increased susceptibility to fractures [126]. Vertebral fractures are the 
most common type of osteoporotic fracture, accounting for more than half of all 
osteoporotic fractures occurring annually in the U.S. alone. Women with vertebral 
fractures are then at a higher risk for additional fracture [127,6]. Current methods 
of estimating fracture risk in the spine are based on average measures of bone 
mineral density (BMD) in the centrum, yet these measures explain only -60% of 
the variance in vertebral strength [11] and do not discriminate well between 
fracture and non-fracture cohorts [1 0]. Even approaches that incorporate clinical 
risk factors (i.e., FRAX) have limitations for fracture prediction [128, 129]. 
Accounting for the intra-vertebral heterogeneity in density, which can be 
measured from quantitative computed tomography (QCT), has been shown to 
improve predictions of vertebral strength in ex vivo experiments 
[119, 15, 13, 16, 130]. However, the utility of these heterogeneity measures for 
predicting fracture risk has not been reported. 
Although multiple studies now agree that vertebral strength depends on 
the intra-vertebral heterogeneity in density, there is some disagreement on 
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whether heterogeneity is associated with increased or decreased vertebral 
strength. Some studies have shown a decrease in strength with increasing 
heterogeneity [15, 19], yet other studies shown opposite associations [119, 130]. 
There are two likely sources for this difference. The first is that researchers 
quantified heterogeneity using different regions within the vertebra. For the 
negative association, heterogeneity was calculated by sampling small regions of 
the vertebra , while the positive associations was found when heterogeneity was 
quantified using the entire vertebral centrum as performed [119, 19, 15]. The 
second source of difference is the use of different heterogeneity measures such 
as coefficient of variation and standard deviation versus quartile coefficient of 
variation and inter-quartile range. After matching the sampling regions and using 
the same heterogeneity measures as Kim et al. and Yerramshetty et al., Hussein 
et al. study found a negative association between intra-vertebral heterogeneity 
and strength [119, 19, 15]. However, researchers questioned the use of coefficient 
of variation , since the data did not follow a Gaussian distribution [119]. These 
outcomes highlight the need for automated or semi-automated approaches to 
calculate heterogeneity that are not subject to the researchers' choice of 
sampling region. 
The overall goal of this study was to assess intra-vertebral heterogeneity 
in density in post-menopausal women with and without prevalent vertebral 
fracture, and to examine the utility of intra-vertebral heterogeneity measures in 
predicting fracture risk using clinical QCT images from post-menopausal women. 
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Specifically, the objectives were: 1) to develop a semi-automated technique 
measure intra-vertebral heterogeneity in density; 2) to compare measures of 
heterogeneity between fracture cases and age-matched controls; and 3) to 
examine associations between intra-vertebral heterogeneity and risk of prevalent 
vertebral fracture, with and without adjustment for average BMD. 
METHODS 
Subjects 
Eighteen women with moderate to severe prevalent fracture in a level 
other than L3 (ages 50-83) and 36 age- and sex-matched controls from the 
Framingham Heart Study Multidetector QCT cohort [93] were chosen for this 
study. The study was approved by institutional review boards of Boston 
University Medical Center and Massachusetts General Hospital. Subjects gave 
written informed consent. 
Imaging 
QCT scans of the lumbar spine were obtained using an eight-detector 
helical QCT scanner (Lightspeed Plus, General Electric, Milwaukee, WI) at 120 
kVp, 100-360 mAs. Image slices corresponding to the L3 vertebra was analyzed 
(in-plane resolution: 0.684mm/pixel, slice thickness: 2.5mm). A three-component, 
calcium hydroxyapatite phantom of densities 150, 75 and 0 mg/cm3 (Image 
Analysis, Columbia, KY) was included in the scan field of view and was used to 
convert intensity values into mineral density units. 
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Average Density and /ntravertebral Heterogeneity in Density 
Two measures of average, volumetric BMD were used: 1) trabecular 
volumetric BMD (Tb.BMD) was calculated for the largest elliptical cylinder that 
would fit within the trabecular centrum, and 2) integral volumetric BMD (ln.BMD), 
as calculated for the entire vertebral body including both cortical and trabecular 
compartments (Figure 4.1). 
To quantify the intra-vertebral heterogeneity, a semi-automated approach 
was used to define a 3-D layout of contiguous, 5mm cubes filling the trabecular 
centrum. The layout was chosen to fit as many cubes as possible within the 
trabecular centrum (Matlab 2009b, Mathworks, Natick, MA). In this semi-
automated approach, the edge detection feature was used to identify the 
boundary of the vertebral body, the interface between the cortex and trabecular 
centrum, and the transition between the calcified endplate tissue and the 
trabecular centrum using intensity changes on each QCT image slice. The 
intensities for the cortex/calcified end plate tissue and the trabecular centrum 
were measured from user-defined regions within the cortex and the trabecular 
centrum. For each 5mm-thick stack of slices forming a layer of cubes, the 
minimum cross-section area was defined in order to ensure that none of the 
cubes include the cortex and/or endplate tissue. Then the maximum number of 
contiguous cubes was defined per each 5mm stack of slices. The volumetric 
BMD of each cube, denoted as regional volumetric BMD (rBMD), was calculated 
[119]. The inter-quartile range (IORauto) and quartile coefficient of variation 
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(QCVauta) of the rBMD values for a given vertebra were the two measures of 
intra~vertebral heterogeneity used in this study. Intra-vertebral heterogeneity was 
also quantified using the original manual cube placement approach described in 
previous studies [119, 130], and IORmanual and QCVmanual were calculated using 
the rBMD values for a given vertebra . 
Statistical Analyses 
Intra-class correlation coefficients (JMP 1 0.0, SAS Institute Inc., Cary, NC) 
were calculated to assess inter-user variability in measurements of intra-vertebral 
heterogeneity measures obtained from 1) three users of the semi-automated 
approach (n = 20); and 2) two users of the manual approach (n = 1 0) . The intra-
class correlation coefficient was also used to compare measurements obtained 
using the semi-automated and manual cube placement approaches. 
Measures of heterogeneity in density and average density were compared 
between case and control using t-tests. Conditional logistic regression was used 
to test for associations with fracture, both with and without adjustments for 
height, weight, and average volumetric BMD. Analyses of variance were used to 
dependence of the five disc height ratios on the five density ratios. A significance 
level of 0.05 was used in all statistical analyses. 
RESULTS 
Intra-class correlation coefficients between the three users of the semi-
automated approach for measurements of intra-vertebral heterogeneity were 
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0.93 and 0.99 for IORauto and QCVauto, respectively. Intra-class correlation 
coefficients between the two users of the manual approach for measurements of 
intra-vertebral heterogeneity were 0.70 and 0.77 for IORmanual and QCVmanual 
respectively. The intra-class correlation coefficients between the semi-automated 
and the manual approaches for cube placement were 0.30 and 0.92, for IQR and 
QCV respectively. Per sample, the computational time was approximately 20 
minutes for the semi-automated method compared to 70 minutes for the manual 
approach. 
The distribution of rBMD values for the cubes in two vertebrae with the 
similar Tb.BMD, one with low IQR (case) and another with high IQR (control) is 
shown in Figure 4.2. Women with prevalent vertebral fracture had lower ln.BMD 
(p=0.001), Tb.BMD (p=0.003), QCVauto (p=0.004) and IORmanual (p=0.003) than 
the controls, but IORauto, and QCVmanual did not differ between groups (p~0.054) 
(Figure 4.3). The odds of fracture increased with decreased IORmanual (p=0.008) 
(Table 4.1). This association was unchanged upon adjustment for height and 
weight but was attenuated when adjusted for ln .BMD and Tb.BMD. As expected, 
higher ln.BMD was associated with decreased risk of fracture (p=0.004). 
IORmanual was modestly correlated with ln.BMD (r=0.54, p<0.001) and Tb.BMD 
(r=0.42, p=0.001 ). 
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DISCUSSION 
Intra-vertebral heterogeneity in density have been shown to improve 
predictions of vertebral strength and the possibilities of measuring this 
inhomogeneity in the clinical setting is drawing attention to its potential clinical 
use. Our focus in this study was to examine the possible role of intra-vertebral 
heterogeneity in density in predicting fracture risk. We found that women with 
prevalent fractures have lower IORmanual as compared to age-matched controls. 
Further, a decrease in IORmanual was associated with an increased risk of 
prevalent fracture. The findings regarding IORmanual extend those of a previous ex 
vivo study showing a positive correlation between IQR and vertebral strength 
[119, 130], where the rBMD distributions of vertebrae with high IQR were 
positively skewed (long right-hand tail) (Figure 4.2). The modest correlation 
between IORmanual and average volumetric BMD suggests that this measure of 
heterogeneity provides information that is independent of average density. The 
causes of high vs. low IQR may be attributed to the role of bone adaptation in 
producing spatial distributions of density that reflect the changes in load 
distribution due to IVD degeneration [130,32 , 17,42,65]. None of the other 
measures of intra-vertebral heterogeneity in density were associated with risk of 
vertebral fracture. 
Minimum inter-user variability was found in the measurements of intra-
vertebral heterogeneity in density regardless of the cube placement approach, 
whether semi-automated or manual , used as indicated by the high intra-class 
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correlation coefficients. However, there were differences in measurements of 
intra-vertebral heterogeneity using the semi-automated and manual approaches. 
Further, the association between the measures of intra-vertebral heterogeneity 
fracture risk depended on the cube placement approach. This indicates the need 
for further probing of the two cube placement approaches. In the semi-automated 
approach , the edge detection allowed for differentiation between endplate tissue 
and trabecular centrum, this resulted in including regions within the vertebra that 
were not included in the manual method as reflected by the larger number of 
cubes used in the semi-automated method (on average 22 additional cubes per 
sample; range: 1-57 additional cubes per sample). In the semi-automated 
approach , the additional cubes were placed closer to the vertebral endplate and 
vertebral shell , regions that were not included in the more labor-intensive, 
manual approach . Additional studies are needed to examine the rBMD values in 
these regions to address questions such as whether some of the cortex or 
endplate tissue is included in the cube density and how does this influence of 
measures of intra-vertebral heterogeneity in density. Additionally, given the 
strong association between ln.BMD and fracture risk leads us to ask what is the 
effect of including the vertebral shell and endplate in the intra-vertebral 
heterogeneity measures on fracture risk prediction. 
There are a few limitations to this study. First, it is assumed that the 
measures of intra-vertebral heterogeneity in density at L3 are indicative are 
predictive of fractures at levels other than L3. In order to test this assumption , 
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further analyses are needed to first compute the IQR and QCV at other levels in 
the cohort used in this study and then to compute the correlation between the 
heterogeneity measures at the different levels. We are currently carrying out 
these analyses for a subset of the subjects (n=20). Another limitation is, that the 
semi-automated approach requires basic familiarity with the anatomy of the 
vertebral body. We also recommend that users be trained on the analyses using 
at least ten samples. 
Given that IQR can be measured non-invasively, the outcomes of this 
study suggest the potential utility of including these measurements in clinical and 
research studies for enhanced prediction of vertebral fracture risk. However, the 
sensitivity of the outcomes to the sampling volume within the vertebral body 
indicates the need for further examination. The algorithm for the semi-automated 
approach can then be modified to reflect the changes in the sampling region . The 
use of semi-automated approach to quantify intra-vertebral heterogeneity is a 
first step towards a systematic approach to obtain more sensitive and specific 
estimates of vertebral fracture risk. 
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Figure 4.1 OCT images showing cross-sectional areas for volumes used for 
density measures: (A) Tb.BMD; (B) 5mm cubes; and (C) ln.BMD 
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Figure 4.2 Representative histograms and box-and-whisker plots showing the 
distribution of cube BMD values (normalized by the total number of values, to 
give relative frequency) for the cubes in two vertebrae with the similar Tb.BMD, 
one with low IQR (case) and another with high IQR (control): In each box-and-
whisker plot, the left side of the box is positioned at the 25th percentile, the right 
side is positioned at the 75th percentile, and the solid and dashed lines within the 
box represent the median and mean of the values , respectively. 
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Figure 4.3 Comparison of measures of heterogeneity in density and average 
density between the cases and controls: the height of each bar indicates the 
group mean and the error bar ±1 standard deviation. *denote p<0.05 
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Table 4.1 Results of the statistical analyses: 1) Mean and standard deviation of 
the independent variables for 18 cases and 36 age-matched controls; 2) Results 
of t-tests comparing cases to controls; 3) Association of density and 
heterogeneity with prevalent vertebral fracture based on conditional logistic 
regression analysis. Bold text denotes p:s;0.05 
Independent Mean± SO Mean± SO Odds Ratio (95% Cl) 
Variable Cases Controls per 1 SO decrease 
IORmanual 19.40 ± 4.54 25.00 ± 6.98 3.39 (1.38 - 8.36) [mg/cm3] 
QCVmanual 0.24 ± 0.22 0.15 ± 0.05 0.39 (0.13 - 1.15) [-] 
IORauto 29.35 ± 7.10 29.90 ± 11.80 1.99 (0.99- 4.01) [mg/cm3] 
QCVauto 0.16 ± 0.05 0.27 ± 0.19 0.71 (0.38- 1.32) [-] 
ln.BMO 0.11 ± 0.03 0.14 ± 0.04 5.27 (1.69- 16.46) [mg/cm3] 
Tb.BMO 61.10±26.42 87.96 ± 31.74 5.00 (1.57 - 15.95) [mg/cm3] 
IORmanual, adjusted 2.52 (0.82- 7.76) for ln.BMO 
QCVmanual, adjusted 0.77 (0.29- 2.03) for ln.BMO 
IORauto, adjusted for 1.08 (0.43- 2.66) ln.BMO 
QCVauto, adjusted for 0.86 (0.34 - 2.18) ln.BMO 
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DIGITAL VOLUME CORRELATION FOR STUDY OF THE MECHANICS OF 
WHOLE BONES 
INTRODUCTION 
Vertebral fractures are the hallmark of osteoporosis, yet the failure 
mechanisms involved in these fractures are not well understood. Failure patterns 
within whole vertebrae are typically estimated from finite element analyses or 
from images acquired after fracture has occurred. Full-field, experimental 
measurement of deformations sustained by vertebrae during injurious loading 
would enable direct visualization of vertebral failure mechanisms as well as the 
possibility of validating the results of numerical simulations of vertebral fracture. 
As such, these full-field measurements would have far-reaching impact on 
predictions of bone failure and on study of the effects of aging, disease, and 
drug-treatments on failure mechanics in bone. 
Several prior studies have used micro-computed tomography (~-tCT), a 
high-resolution, 3-D imaging method, in conjunction with mechanical testing to 
examine full-field deformations in specimens of bone tissue or in whole, intact 
bones. Initial studies provided only qualitative investigations of the deformations 
but did demonstrate the tremendous heterogeneity in the deformation fields that 
occur in trabecular bone and the existence of statistical correlations between the 
locations of large deformations and characteristics of the local trabecular 
structure [21 ,20,22,23]. Two of these studies also examined whether, for 
compression [23] and torsion [22], the apparent-level (macroscale) modulus and 
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strength were different between the stepwise loading that is necessary to allow 
1-!CT imaging and the case of continuous loading. No differences were found. 
Quantitative data on full-field deformations can be garnered by applying methods 
of volumetric digital image correlation (VDIC) , also known as digital volume 
correlation (DVC), to the image series [24,25]. Bay et al. extended their own 2-D 
image correlation approach [56] to 3-D and quantified the accuracy and precision 
of this 3-D method for cylindrical specimens of human trabecular bone [24,56]. 
With this approach, the accuracy of deformation fields predicted by finite element 
analysis was also assessed [131]. Liu and Morgan [57] subsequently evaluated 
several different approaches to DVC for multiple types of trabecular bone and 
found that the accuracy and precision depended on bone type, with the lowest 
errors for human vertebral trabecular bone and for a global DVC approach. Most 
recently, Hardisty et al. [62] performed a validation study for DVC applied to 
simulated deformations in an intact rat vertebra and, similar to previous studies 
[24,57], found that the errors are approximately ten to 20 times lower than the 
yield strain of trabecular bone. 
Collectively, the results of the aforementioned studies indicate that DVC is 
a promising approach for quantitative, full-field measurement of deformations in 
bone. However, no experimental DVC measurements have been reported for 
whole, intact bones, as opposed to isolated specimens of trabecular bone. DVC 
in whole bones involves additional challenges such as the irregular geometry of 
the volume, the large data sets, and the decreased signal-to-noise ratio that can 
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occur when imaging specimens as large as human vertebrae or proximal femora . 
As such, the goal of this study was to develop a DVC-based method for whole, 
intact, human vertebral bodies. The specific objectives were: (1) to quantify the 
accuracy and precision of this method; and (2) to use this method to characterize 
failure patterns throughout entire vertebrae as these vertebrae are compressed to 
failure. 
METHODS 
Specimen Preparation 
Thirty spine segments consisting of L 1 with adjacent inter-vertebral discs 
were harvested from fresh-frozen spines (age range: 41-91 years, mean± SD: 
79.9 ± 11.3, 14 female and 16 male) by making a transverse cut just above the 
inferior end plate of T12 and another transverse cut just below the superior 
endplate of L2. The posterior elements were removed in order to allow the spine 
segment to fit within the loading device whose size was the maximum allowable 
for the ~CT imaging system. The spine segments were kept hydrated at all times 
and were wrapped in saline-soaked gauze at -20°C when not in use. 
Mechanical Testing and Imaging 
The top and bottom end plates of each specimen were potted in circular 
dishes filled with 2-4 mm of polymethylmethacrylate (PMMA), and the specimen 
was placed in a radiolucent cup that fits within a custom-designed radiolucent 
loading device (Figure 5.1A). A 22-kN load cell (LLB450, Futek Advanced Sensor 
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Technology, Irvine, CA) was placed in the loading device beneath the specimen 
and was connected to a digital reader to record the axial load applied at each 
load increment. The cup was filled with 60% saline and 40% of 25% ethyl alcohol 
to hydrate the specimen while also slowing decomposition. After ten cycles of 
preconditioning to 400 N, the vertebra was scanned via f.!CT (f.!CT80, Scanco 
Medical, Bruttisellen, Switzerland) at a resolution 37 1-Jm/voxel. The settings for 
voltage, current and integration time were 70 kVp, 114 rnA, and 300 ms, 
respectively. The specimen was then compressed axially by turning the top 
screw cap in a stepwise fashion (1 step= 1 mm applied at 0.25mm/sec). 
Following a 20-minute hold period to allow for the load to equilibrate (Figure 
5.1 B), the specimen was imaged at each step using the same settings as the 
initial scan (-3 hours, Figure 5.1 B). Stepwise loading was continued until ultimate 
load was reached. The specimen was then unloaded and scanned once more. 
Digital Volume Correlation 
Given that the geometry of the human vertebra is irregular and varies from 
one sample to the next, a method for defining the sub-regions to be used for 
DVC was developed that would take into account the specimen-specific 
geometry. Use of this method would ensure that all sub-regions would be 
contained within the bone. Surfaces (*.stl files) of the vertebral body were 
generated by tracing the outer boundary of the vertebra on each image slice of a 
scan (IPL, Scanco Medical) (Figure 5.2A,B) . Image scaling and filtering were 
applied in order to produce smooth surfaces with reasonable file size (scale 
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factor = 1 0; Gaussian filter: a = 2, marching cubes algorithm with average 
number of vertices per iterations= 2). An irregular mesh consisting of hexahedral 
elements and that conforms to the geometry of the vertebral body was then 
generated in IA-FEM (The University of Iowa, Iowa City, lA) (Figure 5.2C). The 
elements of this mesh were the sub-regions that were used for the DVC 
calculations. The elements were of side length -4.8 mm such that the DVC 
results would represent continuum-level deformation fields [1 05). 
Pairs of image sets (e.g ., images from preload and first load increment, 
preload and second load increments, etc., or, alternatively, first and second load 
increments, second and third load increments, etc.) were analyzed using a two-
stage DVC technique. In the first stage, the image pairs were aligned with each 
other using rigid-body image registration.(IPL FE, Scanco Medical). The effect of 
this registration was to remove the rigid-body motion of the vertebra that 
occurred due to compression of the lower inter-vertebral disc between the two 
loading increments being analyzed. In the second stage, a maximum likelihood 
estimation (MLE) method, which is a gradient-based, iterative optimization 
technique, was used to calculate the displacement fields. This method was 
selected based on our prior work that found superior performance for this method 
as compared to subset-based, cross-correlation and normalized cross-correlation 
methods in human vertebral trabecular bone [57]. In the MLE method, the nodal 
displacements were calculated by finding the displacement field u(x) that 
minimizes the functional TT [57,61]: 
95 
(Eq. 5.1) 
where l1 and bare image intensities, Q is image domain, dQ = dxdydz, and a is 
a regularization parameter to penalize large displacement gradients [61]. 
Minimization was carried out using the Gauss-Newton method. An initial guess 
for nodal displacements is required for this optimization approach. In this study, 
an initial guess of zero was used since the large component of the displacement 
due to rigid body motion was removed from the first stage of this DVC technique. 
Linear interpolation was used for u(x) such that the displacement could vary in a 
linear manner throughout each element. Strains were then computed from the 
displacement data using the final nodal displacements and the interpolation 
functions (Figure 5.20). All calculations using MLE method were performed on a 
supercomputing system (IBM LS21 blade servers, each with two quad-core 
3.0GHz processors sharing 16GB RAM) and required approximately five hours of 
run-time for each image pair. 
The strength of the penalty that is the second term of Eq. 5.1 depends on 
the magnitude of a . The appropriate value of a depends on the range of intensity 
within an image and noise level. To determine the value that would be used for 
the present study, image sets of known displacement fields, created by artificially 
shifting image sets by 0, 1, 5, and 10 pixels, were analyzed using different values 
for a . The value that yielded the most accurate displacement field was chosen as 
the optimal value. Once this value was chosen, the images with simulated 
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displacement fields were used to assess the accuracy and the precision of the 
MLE method by calculating the mean bias and root mean square errors, 
respectively. Errors were also assessed by performing two repeated fA-CT scans 
of a vertebra, applying an artificial shift to the second scan, and then performing 
the two-stage DVC technique on this pair of images. 
RESULTS 
The mean-bias error and root-mean-square error for the displacement 
were less than 0.025% and 0.35% respectively. However, the mean± standard 
deviation of displacement and strain calculated from the case in which the pair of 
repeated scans was used to simulate a displacement were 21 ± 41 1Jm and 740 ± 
630 IJc, respectively. This latter estimate of the displacement error corresponded 
to 0.58 ± 1.12 voxels. 
The results of the DVC analyses of the compression experiments revealed 
that at loading increments close to and just past the yield and ultimate points, 
high compressive, principal strains were mainly localized near the endplates. 
These high strains then diffused inward in opposing cone shapes towards the 
mid-transverse plane (Figure 5.3A). Following the ultimate point (Figure 5.38), 
more of the trabecular bone near the end plates was subjected to higher strains, 
while the circumference of the mid-transverse plane remained relatively 
undeformed. 
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In contrast to minimum principal strain, the distributions of each of the 
normal strain components were more irregular (Figure 5.4). Both tensile and 
compressive normal strains were observed and were generally located near the 
endplates and circumferential surface. As expected, the highest strain 
magnitudes were along the superior-inferior direction (z-direction) . 
DISCUSSION 
In this study a full-field, experimental measurement technique was 
developed that allows for direct experimental measurement of displacements and 
strains throughout irregularly shaped volumes such as human vertebrae. This 
two-stage DVC technique was then used to quantify and visualize deformation 
patterns throughout human vertebrae as these bones were loaded to failure ex 
vivo in axial compression, The deformation patterns indicated that vertebral 
failure, as defined by the yield and ultimate points on the force-deformation 
curve, occurs as pronounced deformation of the end plates and neighboring 
trabecular bone and that the deformation progresses inward in a relatively 
symmetric fashion. This deformation pattern is consistent with a "bi-concave 
fracture", which is a type of vertebral deformity that is commonly observed in 
patient X-rays [132, 133]. This similarity in deformation pattern indicates that the 
experimental approach presented in this study can provide a mechanistic 
explanation to the development of biconcave vertebral fractures as well as a 
means of investigating correspondence between loading conditions and fracture 
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patterns for the full range of vertebral deformities that are observed clinically. 
This study introduces an improvement to prior approaches to studying the 
origin of vertebral fractures. By using DVC together with step-wise loading, we 
were able to provide some temporal data on the deformation patterns, thereby 
identifying how a biconcave fracture may initiate and progress. Examination of 
deformation patterns only after fracture has occurred, such as by either 
quantitative [56] or qualitative [134] examination of X-rays, would not provide any 
data on failure initiation. In addition, the DVC results revealed relatively low 
strains in the cortical shell of the vertebra near the mid-transverse plane. The 
combination of low strains in this region and the cone-shaped deformation 
patterns in the interior trabecular bone (Figure 5.3) is very similar to deformation 
fields reported in finite element studies of the vertebra [12], and suggests that the 
cone-shaped patterns arise either because the trabecular bone in the mid-
transverse plane is stiffer than that in other planes or because the cortical shell 
bears a high fraction of the applied load at this plane. The results also show 
substantial spatial inhomogeneity in the normal strain components (Figure 5.4) . 
Although a uniaxial load was applied to the spine segments, which contain the L 1 
vertebra and adjacent intervertebral discs, the load distribution across the 
end plates of the L 1 vertebra may not be uniform. How the applied load is 
transferred to the vertebra depends on parameters such as the quality of the 
inter-vertebral discs, and the size and shape of osteophytes ("bone spurs"), if 
present. Inhomogeneity in the strain fields can thus result from a non-uniform 
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load distribution as well as material anisotropy and material inhomogeneity. 
This study also has some limitations. The estimates of the accuracy and 
precision errors of the DVC method were relatively low when computed using 
simulated images; however, when computed for a pair of repeated scans-a 
situation that takes into account x-ray beam fluctuations, repositioning errors, and 
other sources of noise-the errors were much higher. Specifically, the 
displacement error was nearly 0.5 voxels, and the strain error was just under 
10% of the uniaxial compressive yield strain of trabecular bone (-0.77% in 
compression [111 ]). These errors are higher than those reported in prior DVC 
analyses of specimens of trabecular bone [57] and of a rat vertebra [62]. The 
discrepancy is likely due to two factors. The first is that with the fA-CT scanner 
that was used in the present study, achieving a nominal image resolution of 37 
!lm/voxel required "splitting" each element of the scanner's CCD detector such 
that each element provided four separate measurements rather than one 
average measurement (the typical case). The drawback of this approach is 
decreased signal-to-noise ratio. The second factor is that when imaging a whole 
bone, the presence of the comparatively high-attenuation cortical shell on the 
exterior of the bone can result in decreased signal in the trabecular core. An 
additional limitation of this study is that the temporal resolution in the DVC data 
was coarse, providing only approximately two deformation fields in the yield and 
ultimate regions combined. Smaller loading increments, each with a !!CT scan, 
would address this problem; however, we were limited to approximately 12 
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loading increments in this study because of the perishable nature of the spine 
segments and the long duration of the scans. 
In spite of these limitations, the measurements obtained in this study 
demonstrate that DVC applied to entire human vertebral bodies is not only 
possible but also very revealing as to the potential pathogenesis of clinically 
observed vertebral fractures. The deformation patterns that were measured 
corresponded closely to commonly observed fracture patterns and also give 
support to the accuracy of some prior finite-element predictions of deformation 
mechanisms. Together, these findings indicate that quantitative, full-field, 
experimental measurement of deformation in whole bones can provide new 
insights into the initiation and propagation of failure. These insights may lead to 
more sensitive and specific indicators of vertebral fracture risk. 
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Figure 5.2 Schematic for generating the 3-0 , irregularly shaped volume to be 
used for DVC analyses of whole vertebral bodies 
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Figure 5.3 Incremental minimum principal strains (strains produced only by the 
given load increment) shown for two vertebrae: For each sample, the strains are 
plotted on the vertebra with the anterior right quadrant removed for viewing 
purposes (top row) and with the right half removed (bottom row) for the load 
increments marked "A" and "B" on the load-displacement curve. For increment A, 
the changes in vertebral height are 0.28 mm and 0.75 mm, for Samples I and II , 
respectively, which corresponds to "global", incremental strains of -0.011 
mm/mm and -0.032 mm/mm, respectively. Similarly for increment B, the global, 
incremental strains were -0.035 mm/mm and -0.038 mm/mm, respectively. The 
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minimum cross-sectional areas of the two vertebrae were 8.43 mm2 and 23.68 
mm2 for Samples I and II, respectively 
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Figure 5.4 Incremental normal strain components (strains produced only by the 
given load increment) shown for two vertebrae. For each sample, the strains are 
plotted on the vertebra (anterior right quadrant removed for viewing purposes) for 
the load increment marked "*"on the load-displacement curve 
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PRESENCE OF INTERVERTEBRAL DISCS ALTERS OBSERVED STIFFNESS 
AND FAILURE MECHANISMS IN THE VERTEBRA 
INTRODUCTION 
Mechanical testing of vertebrae ex vivo is a widely used and essential 
method in research on the effects of aging, genetics, disease, and drug 
treatments and other interventions on the mechanical behavior of the vertebra. 
For these mechanical tests, the adjacent intervertebral discs (IVDs) are often 
removed prior to testing in order to obtain better control over the loading 
conditions that are applied to the vertebra and to simplify calculations of vertebral 
stiffness. However, concerns have been raised that testing of isolated vertebrae 
produces highly idealized, non-physiological loading across the endplate [71]. 
Whether these loading conditions confound measurements of vertebral 
mechanical properties and failure mechanisms has not been established but is of 
central relevance to the design and interpretation of ex vivo mechanical tests. 
The load distribution across the endplate depends on the anatomy and 
health of the adjacent IVDs. For healthy IVDs, the load distribution measured 
using stress profilometry is characterized by a high plateau of pressure in the 
nucleus pulposus, flanked by a steep drop in pressure over the approximate 
thickness of the annulus fibrosus [45,35] . In degenerated IVDs, regions of high 
pressure occur instead in the annulus, and the percentage of the applied load 
distributed to the anterior half of the vertebra as compared to the neural arch 
increases dramatically from erect to flexed postures [35). In vertebrae with 
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degenerated adjacent discs, trabecular bone is denser and stronger posteriorly 
than anteriorly [32,33, 17,31 ], consistent with increased loading of the posterior 
region in erect postures. Moreover, the strength and fracture mode of vertebrae 
under axial compression can depend on IVD health [64]. These studies highlight 
how variable the load distribution across the endplate can be and how these 
variations, by potentially altering the properties of the underlying bone tissue, 
might affect the mechanical response of the vertebral body. 
This influence of loading conditions on vertebral mechanical behavior has 
been addressed using finite element (FE) models. By using different load 
distributions across the endplate to represent different severities of IVD 
degeneration , these studies have examined the effects of disc health on stress 
and strain distributions within the vertebra [65,42,66] and on the relative 
contributions of the cortical shell and trabecular centrum to vertebral strength and 
fracture risk [67-70]. Interestingly, one of these studies predicted that the specific 
load distribution across the endplate had only a mild effect on estimates of 
vertebral strength, although the magnitude of the effect was largest for low-
density vertebrae [69]. Other FE studies have examined the interplay between 
disc health and the spatial distribution of bone density in the vertebra, finding that 
as a result of bone adaptation in response to altered loading associated with IVD 
degeneration , bone density would be expected to decrease in the central 
transverse regions of the vertebra [36]. In contrast to the multitude of FE studies, 
the only experimental data available thus far comes from mechanical testing of 
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slices of vertebrae with and without the disc tissues [71] and from comparison of 
2-D measurements of surface deformations of vertebrae to data on intra-discal 
pressure [72]. True 3-D, experimental data are lacking. 
The overall goal of this study was to determine the influence of the IVDs 
on vertebral mechanical properties and failure mechanisms. A method of digital 
volume correlation (DVC) [57, 120] was used to track the deformation patterns 
that developed within the vertebral body prior to and at the onset of failure. The 
specific objectives were: 1) to quantify 3-D deformation and failure patterns in 
vertebral bodies tested with and without IVDs; and 2) to quantify the effect of the 
IVDs on vertebral mechanical properties. 
METHODS 
Specimen Preparation 
Thoracic vertebrae (6 T9 and 6 T11) were dissected from fresh-frozen 
spines of female New Zealand White rabbits (18-28 weeks of age). All samples 
had partially open growth plates of similar thickness, as examined qualitatively 
using 3-D reconstructions of !JCT images. Six vertebrae were harvested with the 
adjacent intervertebral discs intact ("V+D specimens") (Figure 6.1A). The 
remaining six specimens consisted of only the vertebrae ("V specimens") (Figure 
6.1A). Posterior elements were removed, and the cranial and caudal ends of the 
specimens were potted in polymethyl methacrylate (PMMA). Care was taken 
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during the potting process to align the superior-inferior axis of the vertebral 
bodies with the axial loading direction. 
Mechanical Testing and Micro-Computed Tomography (JJCT) 
Each specimen was placed in a custom-designed, radiolucent, loading 
device. The device was filled with saline to hydrate the specimen throughout the 
test. The specimen was potted in a rectangular-shaped dish, which fit snugly 
within an inset region within the loading device. Hence, the specimen as a whole 
was constrained from rotating inside the loading device (Figure 6.1 B), although 
the vertebral body in the V+D specimens was not itself constrained against 
rotation in any additional manner. After applying a pre-load of -30 N for 20 
minutes, the vertebral body was scanned via !JCT (!JCT 80, Seance Medical, 
Bruttisellen, Switzerland; 36 j..Jm/voxel) (pre-load scan). The specimen was then 
compressed axially in a stepwise fashion. For the V specimens, each loading 
step consisted of applying a compressive displacement of 0.25 mm applied at a 
rate of 0.15 mm/sec. For the V+D specimens, the displacement increment was 
chosen such that the peak axial force that developed at the first loading step 
matched the average peak force observed at the first loading step in the V 
specimens. A !JCT scan was performed at each step, following a 20-minute 
relaxation period. The duration of each j..JCT scan was approximately 90 minutes. 
The force was recorded right after load application, after the 20-minute relaxation 
period, and upon completion of the ~-tCT scan to assess the amount of relaxation 
taking place throughout a load increment. The overall amount of force relaxation 
109 
was approximately 70% of the initial peak force, and the majority (87%) of the 
relaxation occurred during the initial 20-minute period. The combination of 
stepwise loading and !-!CT imaging was continued until the ultimate force was 
reached (seven load increments on average). For both groups, the ultimate force 
was defined as the peak of the force-displacement curve constructed from the 
values of force recorded after the 20-minute relaxation periods. 
3-D Measurement of Deformation and Failure 
Digital volume correlation (DVC) was used to obtain direct, 3-D 
experimental measurements of the failure patterns in the vertebral body, as 
defined by the distributions of strains throughout the centrum [120]. DVC 
analyzes the images from the different loading steps in an automated fashion to 
track the movement and deformation of multiple, individual sub-regions 
throughout the entire centrum over the course of mechanical testing. In 
preparation for DVC, the images from the different loading steps were aligned to 
the pre-load scan using image registration (Seance Medical, BrOttisellen, 
Switzerland). The sub-regions within the vertebral body were then defined by 
generating an irregular mesh, consisting of hexahedral sub-regions with side 
length -1.44 mm, that conforms to the geometry of the vertebral body, using the 
IA-FEMesh software (The University of Iowa, Iowa City, lA) (Figure 6.2C). The 
sub-region size was chosen based on results from a previous study [57] which 
found that sub-regions with side length -1.44 mm provide the best combination 
of spatial resolution, accuracy, and precision in the strain measurements in the 
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rabbit vertebral body. The images from a given loading step were then analyzed 
together with the pre-load images using a custom, DVC algorithm (gradient-
based, iterative, optimization technique) [57] to determine the displacement and 
strain fields throughout the entire vertebral body (Figure 6.20) at each load 
increment. The measured strain fields correspond to strain experienced as the 
vertebra is loaded to failure. For this DVC method, the errors in strain 
measurements were estimated to be within 345 IJE for the rabbit vertebra [57]. 
The magnitudes of the principal strains and maximum shear strain were 
computed. These strains were examined throughout the vertebra as a whole. In 
addition, the strain magnitudes were examined in three separate, contiguous 
regions of the vertebra: superior, central and inferior. The superior and inferior 
regions were -2.44 mm in height and included the growth plate and adjacent 
bone. These two regions could not be restricted only to the growth plate; due to 
the irregular topography of the growth plate, this anatomic feature was not 
contained solely within one transverse layer of DVC sub-regions. The average 
minimum principal strain and average maximum shear strain sustained at the 
yield point were calculated for each region . 
Statistical Analyses 
To compare the observed mechanical properties of the vertebral body 
between V+D and V groups, t-tests were used to compare the stiffness of the 
vertebral body (secant of the linear region of the load-displacement curve), 
ultimate force, ultimate displacement (the displacement that corresponded to the 
111 
ultimate force), and work to failure between the V and V+D groups. For stiffness 
and work to failure, the displacement was computed using the displacement in 
the vertebral body only (i.e., excluding displacement in the PMMA and the IVDs) 
and the force values recorded after the 20-minute relaxation period. The 
displacement in the vertebral body was computed using the axial strain along the 
superior-inferior direction multiplied by the vertebral height. This calculation was 
more accurate than simply examining the change in vertebral height, measured 
in number of 1JCT slices, because the DVC calculations are accurate to within a 
fraction of the slice thickness. 
To compare the observed deformation and failure patterns between V+D 
and V groups, the strains distributions just before yield and right at yield were 
considered for statistical analysis. For each of these two points during the 
compression test, t-tests were used on the distributions of minimum principal and 
maximum shear strains (inter-quartile range (IQR) and the top 1st, 2nd, 5th, 10th, 
25th and 50th percentiles). Repeated-measures analyses of variance with 
Wilcoxon signed-rank post-hoc tests were performed to examine differences in 
average minimum principal and maximum shear strains among the three regions 
for the V+D and V groups, and also to compare the strain magnitudes between 
groups in each region. 
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RESULTS 
Deformation and failure patterns were different in the presence of the 
IVDs. Vertebral bodies tested with IVDs ("V+D") exhibited a slow increase in both 
minimum principal and maximum shear strains in the inferior and posterior 
regions of the vertebral body prior to the yield point on the force-displacement 
curve (Figure 6.38,0) , followed by a sudden increase in both minimum principal 
and maximum shear strain in the anterior cortex right at the yield point (Figure 
6.3C,E). In contrast, the isolated vertebral bodies ("V") consistently exhibited the 
highest minimum principal and maximum shear strains in the posterior regions, 
from the initial portion of the test (Figure 6.3G,I) through the yield point (Figure 
6.3H,J). If large minimum principal and maximum shear strains were observed in 
the anterior regions of the cortex in the V specimens, these large strains 
developed only after the yield point had been exceeded. Overt cortical fractures 
were observed in the V+D specimens near the inferior end (Figure 6.4A-C). 
Cortical fracture occurred on the anterior and the posterior sides, and large 
deformations occurred in the trabecular bone adjacent to the growth plate. The V 
specimens did not have clear cortical break; however, the trabecular centrum 
near the inferior third of the vertebra suffered large deformations, and trabecular 
connections were severed (Figure 6.40-F). 
Presence of the IVDs reduced the vertebral stiffness (p=0.044), increased 
the ultimate displacement (p=0.043), produced higher magnitudes of maximum 
shear strain at yield -as quantified by the top 251h percentile of maximum shear 
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strain-and higher intra-vertebral variation (IQR) in maximum shear strain at 
yield (p<0.048). These differences in maximum shear strain were most 
pronounced in the inferior region of the vertebral body (p=0.045; Table 6.1 ). A 
trend towards lower ultimate force in the V+D group was found (p=0.056) (Figure 
6.5). No differences between groups were observed in work to failure (p=0.844) 
or in any measure of the statistical distribution of minimum principal strain, 
whether right before or right at the yield point (p>0.208). Similarly, no differences 
between groups were found for the maximum shear strain just prior to yield 
(p>0.096), or for the top 151 (p=0.116), 2nd (p=0.1 02), 51h (p=0.057), 1oth 
(p=0.067), and 501h (p=0.111) percentiles of the maximum shear strain right at 
the yield point. For both minimum principal strain and maximum shear strain, no 
differences were found among the superior, central and inferior regions in either 
group (p>0.482). 
DISCUSSION 
This study assessed the impact of a commonly adopted simplification in 
ex vivo mechanical tests, which is removing the intervertebral discs prior to 
mechanical testing of vertebral specimens. Thoracic vertebral bodies were tested 
in compression , with and without the intervertebral discs to assess differences in 
failure mechanisms and measured mechanical properties. The results 
demonstrated a marked effect of the presence of the IVDs on vertebral 
deformation and failure patterns, even under simple axial loading. The spatial 
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distributions of the strains differed substantially between V+D and V groups, both 
before and right at the yield point, and maximum shear strains were higher in the 
V+D than V group. There was also a trend towards lower ultimate force in the 
V+D than V group, while, no difference was found in work to failure. These 
results indicate that testing vertebral bodies in the absence of IVDs may not 
affect measurements of vertebral toughness, or possibly strength, but does affect 
the transmission of load throughout the vertebra and concomitantly, vertebral 
failure mechanisms. 
The primary strength of this study is the use of direct, 3-0, experimental 
measurements to compare deformation patterns that develop in vertebral bodies, 
as they are loaded to failure. These DVC measurements provided detailed 
descriptions of the deformations throughout the entire vertebral body at each 
loading step, enabling identification of where high strain regions initiated within 
the bone and how the strain propagated with further loading. This allowed us to 
identify differences in failure behavior between the V and the V+D groups. 
There are also limitations to this study. First, the posterior elements were 
removed prior to testing , rendering the loading somewhat non-physiologic. It is 
possible that load transmission through the facet joints mitigates the effects of 
changes in load distribution across the endplate. However, given that in the 
mechanical tests performed on vertebrae in the absence of IVDs, only the 
vertebral body is loaded, the interpretation of the present results remains 
unchanged. Removal of the posterior elements is a common procedure for 
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biomechanical testing of vertebrae, at times because of limitations on the size of 
test samples [102, 135,19,136,137, 124], as was the case herein due to the size 
constraints imposed by the 1JCT scanner. Second, given the quasi-static nature 
of the loading protocol, the results of this study relate more directly to vertebral 
compression fractures caused by prolonged loading and may not apply to 
fractures due to short-term or dynamic loading conditions. Third, only twelve 
samples were included in this study. The statistical power for the comparison of 
ultimate force and work to failure was only 0.50 and 0.05, respectively, indicating 
that results for these parameters are inconclusive. 
Some of the present results may be specific to the animal species and 
age. Although the age of the rabbits corresponded to skeletal maturity in this 
species, some portions of the physes in the vertebral bodies were not closed and 
may have experienced higher strains [63] than would the corresponding regions 
of adult human vertebrae, in which the physes are fully closed. Species and age 
differences in endplate structure, endplate topography, IVD degeneration, and 
vertebral microstructure must also be considered. The cartilage endplate in 
rabbits at skeletal maturity is thick, shows zonal arrangement similar to (though 
more disorganized than) that of articular cartilage [138, 139], and is almost 
entirely separated from the growth plate via secondary ossification [138] . In 
contrast, the cartilage endplate in adult humans is thin and undergoes secondary 
ossification only at the periphery [138]. Rabbit endplates have higher 
permeability and lower porosity compared to values reported for human samples 
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[140-142]. Rabbit vertebrae used in the present study were relatively uniform in 
endplate shape and curvature, whereas the topology of human vertebral 
endplates depends greatly on the extent of IVD degeneration [143]. The adjacent 
IVDs in our rabbit spine segments were also all healthy (as judged from 
radiographic examination and gross visual examination) and thus would be 
expected to have many structural similarities to healthy IVDs in the human 
population [138]. However, we cannot extrapolate the present inter-group 
differences to the case of degenerated IVDs. Finally, human vertebrae exhibit a 
thin cortex composed of very dense trabecular bone surrounding a large 
trabecular centrum, while rabbit vertebrae have a thicker, even denser cortex and 
comparatively fewer (and thicker) trabeculae in the centrum. All of these 
comparisons suggest that the deformation patterns seen in this study may not 
resemble those in adult human vertebrae and that further study is required to 
determine the extent to which the present results apply to the human population. 
Notably, the fracture patterns seen in the present study did not correspond 
precisely to the most common types of vertebral fractures or deformities in 
elderly or osteoporotic humans: wedge and bi-concave fractures. 
Nevertheless, comparison of the present results to prior biomechanical 
studies on human vertebrae reveals some correspondence. In the present study, 
the differences between the V and V+D groups can be attributed to artifacts 
caused by the absence of the IVDs. Removing the IVDs and potting the 
end plates of the V specimens in PMMA (Figure 6.2A) may "strain-shield" the 
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epiphysis and physis and transfer a more uniformly distributed load to the mid-
transverse segment of the vertebral body. Examination of the strain distributions 
throughout the vertebral body (Figure 6.3, Figure 6.4, Figure 6.5E-H, Table 6.1) 
suggests that this shielding effect manifests principally in the maximum shear 
strain, rather than in the minimum principal strain, shifts the location of largest 
shear strains from the anterior to posterior aspects of the vertebral body, and 
moves the location of highly deformed trabecular bone from points adjacent to 
the end plate to points slightly closer to the mid-transverse plane. Our strain data 
are in agreement with prior human studies that reported a more homogeneous 
strain distribution in the absence of IVDs [144] and larger strains at the anterior 
cortex in the presence of IVDs [71]. Moreover, our finding that ultimate strength is 
one of the least sensitive outcome measures to removal of the IVDs is also 
consistent with a prior finite-element study on human vertebrae, which estimated 
the sensitivity of vertebral strength to the load distribution across the end plate 
[69]. 
The present results also have bearing on studies that investigate 
biomechanical consequences of the interplay between vertebral bone properties 
and disc quality. Bone loss in the anterior and central regions [32,33, 17,36] of the 
vertebra in response to IVD degeneration may make these regions susceptible to 
failure when testing is performed in the absence of the IVDs, because such 
testing likely creates a more uniform load distribution across the endplate than 
exists via the degenerated IVDs. Similarly, increased density in the vertebral 
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cortex and periphery with IVD degeneration [36] may shift the regions of failure to 
the inner centrum when testing is performed without IVDs. These scenarios 
illustrate how removal of the IVDs prior to testing may confound conclusions 
regarding the potential effect of bone remodeling in response to IVD 
degeneration on vertebral failure. 
Taken together, these findings indicate that testing vertebral bodies in the 
absence of IVDs can elicit artifactual failure mechanisms. These artifacts may 
lead to false conclusions in studies of the effects of IVD degeneration and other 
diseases, bone remodeling, and drug treatments. Thus testing with IVDs, though 
more complicated in experimental procedures, may be necessary for maximizing 
the clinical relevance of the test results. 
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A 
"V+D specimens" "V specimens" 
Figure 6.1 (A) Schematic for "V+D specimens" and "V specimens"; (B) 
Components of the loading device 
f-t.CT Imaging ~surface -~ ... ~Mesh -~~~r~ DVC 
Figure 6.2 Schematic for generating the 30, irregularly shaped mesh to be used 
for DVC analyses of deformations in whole vertebral bodies 
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Figure 6.3 Force-displacement curve and distributions of minimum principal 
strain (B,C,G,H) and maximum shear strain (D,E,I ,J) (posterior right quadrant 
removed from the rendering for viewing purposes) right before(*) and right at(**) 
yield for: (A-E) V+D and (F-J) V specimens 
Figure 6.4 3-D renderings of vertebrae from (A-C) the V+D group and (D-F) the V 
group for the scans performed at the preload and final load increments: 
Renderings inC and F show the vertebral surface, while renderings A, B, D, and 
E show frontal half-sections. Brackets indicate regions of large deformations; 
circles indicate regions of overt, cortical fracture. For the V specimen , the 
portions of the cranial and caudal end plate that are embedded in PMMA are not 
shown 
121 
A 
1200 
'E 
E 
~ 800 
Vl 
Vl 
Q) 
~ 400 
(jj 
# 
B 
1200 ## 
~ 
Q) 
~ 800 
~ 
~ 
,§ 400 
s 
F 
Ui' 
<: 
Cll 
:[ 0.20 
:[ 0 .15 
c7) 
~ 0 .10 
.s:: 
(/) 
~ 0 .05 
~ 
Cf" 0 L...L..<:...4.J...oi.....L...I 
Q V+D V 
Right before yield 
G 
D 
H 
'E1200 
E 
~ 800 
;f 
0 
:; 400 
~ 
Right at yield 
Figure 6.5 Comparison of mechanical properties between V+D and V groups: the 
height of each bar indicates the group mean, and the error bar± 1 standard 
deviation.# and## denote p<0.05 and 0.05 ~p~0.06, respectively. The bar 
graphs of the IQR in strains are presented for the load increment just before yield 
(indicated by the single asterisk in Figure 6.3A and F) and for the load increment 
right at yield (indicated by the double asterisks in Figure 6.3A and F) 
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Table 6.1 Average± standard deviation of strain in the superior, central and 
inferior regions of the vertebra for the V+D and V groups. Values marked with 
different superscript letters are different between groups, within a given region 
(p=0.045) 
Group Superior region 
Minimum principal strain [mm/mm] 
V+D -0.049 ± 0.125 
v -0.044 ± 0.053 
Maximum shear strain [mm/mm] 
V+D 0.124 ± 0.096 
v 0.051 ± 0.053 
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Central region 
-0.062 ± 0.110 
-0.049 ± 0.076 
0.158 ± 0.118 
0.043 ± 0.066 
Inferior region 
-0.060 ± 0.097 
-0.050 ± 0.065 
0.130 ± 0.046a 
0.056 ± 0.064b 
CHAPTER 7 
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3-D EXPERIMENTAL DEFORMATION FIELDS OF THE VERTEBRA AND 
ACCURACY OF QCT -BASED FINITE ELEMENT MODELS OF THE 
VERTEBRA 
INTRODUCTION 
Finite element (FE) models generated from patient-specific quantitative 
computed tomography (OCT) images of whole bones have great potential for 
non-invasive prediction of bone strength. Previous studies have shown that FE 
models provide better predictions of vertebral strength than OCT based and 
simulated DXA methods [7,73-75], and comparable predictions of vertebral 
fractures than average volumetric bone mineral density (BMD) [145]. Further, FE 
analyses can be used to understand failure mechanisms of the vertebra at the 
tissue level [146, 147]. However, differences between FE-computed and 
experimentally measured values of bone strength can differ by as much as two-
fold [7], indicating a need for more experimental data to validate and to improve 
upon those models. 
The accuracy of FE models depends on the accuracy of the model 
geometry, material properties and boundary conditions. With current OCT 
imaging and image processing tools, patient-specific geometries can be 
accurately modeled. Further, Silva et al. showed by comparing FE models of thin 
slices from the vertebral body to mechanical test results the importance of 
accurate material property assignment [78]. Many advances have been achieved 
in describing the material properties ranging from using transversely isotropic 
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material properties [148,7,83], to models that account for structural density and 
fabric anisotropy [87]. More recent studies are investigating new material 
mapping approaches and the importance of including patient-specific anisotropy 
[88-90,92,91]. 
Outcomes of recent studies underscore the il)lportance of accurately 
defining the boundary conditions. Daii'Ara et al. demonstrated that improved FE 
results can be obtained by more accurate description of the loading condition 
used to induce anterior wedge fractures in vertebrae [75]. Another factor 
impacting the load distribution across the end plate is the health of the adjacent 
IVDs. For healthy IVDs, the load distribution measured using stress profilometry 
is characterized by a high plateau of pressure in the nucleus pulposus, flanked 
by a steep drop in pressure over the approximate thickness of the annulus 
fibrosus [45,35]. In degenerated IVDs, regions of high pressure occur instead in 
the annulus, and the percentage of the applied load distributed to the anterior 
half of the vertebra as compared to the neural arch increases dramatically from 
erect to flexed postures [35]. 
In contrast to the multitude of FE studies, the experimental data available 
for FE model validation is limited. The most common approach for FE validation 
is direct comparison of FE-computed and experimentally measured values of 
bone strength and stiffness. Using digital image correlation, Yerby et al. 
compared surface strains resulting from mechanical testing of slices of vertebrae 
with and without the disc tissues to FE results [71]. More recently Pollintine et al. 
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compared 2-D measurements of surface deformations of vertebrae to data on 
intra-discal pressure [72]. This demonstrates the need for experimentally 
measured deformation fields throughout entire vertebrae as these vertebrae are 
loaded to failure. Image-guided failure analysis and digital volume correlation 
(DVC) have been used to visualize failure processes and to quantify 
deformations in specimens of trabecular bone [149]. Application of these 
techniques to whole bones would elucidate failure mechanisms and enable 
thorough assessment of the accuracy of deformations predicted by FE analysis 
[1 06]. 
The goal of this study was to evaluate the accuracy of OCT-based FE 
models of the vertebra. Our specific objectives were: (1) to experimentally 
measure deformations throughout entire vertebrae as these vertebrae are loaded 
to failure using DVC; and (2) to compare the measured deformation and failure 
patterns to those predicted from OCT-based FE models. 
METHODS 
Specimen Preparation 
Spine segments (n=26) consisting of L 1 with adjacent intervertebral discs 
and neighboring end plates of T12 and L2 were harvested from fresh-frozen 
human spines (age range: 41-91 years, 13 female and 13 male). The posterior 
elements were removed in order to allow the spine segment to fit within the 
mechanical testing device, as described below. The top and bottom endplates of 
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each specimen were potted in circular dishes filled with 2-4 mm of 
polymethylmethacrylate (PMMA). The spine segments were kept hydrated at all 
times and were wrapped in saline-soaked gauze at -20°C when not in use. 
QCTimaging 
Each specimen was scanned using aGE Lightspeed VCT system (GE 
Healthcare, Waukesha, WI; 120 kV, 240 rnA, 0.32mm in-plane resolution , 
0.625mm slice thickness, bone kernel reconstruction). The scan axis was aligned 
with the superior-inferior direction, and a three-component, calcium 
hydroxyapatite phantom of densities 150, 75 and 0 mg/cm3 (Image Analysis, 
Columbia, KY) was included in the scan field of view and was used to convert 
intensity values into mineral densities. 
Mechanical Testing and 1JCT Imaging 
Each specimen was placed in a custom-designed, radiolucent, loading 
device. A 22-kN load cell (LLB450, Futek Advanced Sensor Technology, Irvine, 
CA) was placed in the loading device beneath the specimen and was connected 
to a digital reader to record the axial load applied at each load increment. The 
cup was filled with 60% saline and 40% of 25% ethyl alcohol to hydrate the 
specimen while also slowing decomposition. After ten cycles of preconditioning to 
400 N, the vertebra was scanned via !JCT (1JCT80, Scanco Medical, BrOttisellen, 
Switzerland) at a resolution 37 1-Jm/voxel. The settings for voltage, current and 
integration time were 70 kVp, 114 rnA, and 300 ms, respectively. The specimen 
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was then compressed axially by turning the top screw cap in a stepwise fashion 
(1 step= 1 mm applied at 0.25mm/sec). Following a 20-minute hold period to 
allow for the load to equilibrate, the specimen was imaged at each step using the 
same settings as the initial scan. Stepwise loading was continued until ultimate 
load was reached. 
3-D Measurement of Deformation and Failure 
Images from the different load increments were aligned using image 
registration (Seance Medical). An irregular mesh that conforms to the geometry 
of the vertebral body was then generated in IA-FEM (The University of Iowa, 
Iowa City, lA) (Figure 7.1A-C) using hexahedral sub-regions with side length -4.8 
mm. The continuum-level displacements and strains occurring at each load 
increment were measured using a custom DVC technique [1 06] (Figure 7.1 D). 
Endplate displacement was calculated from the experimentally measured 
displacement fields. Change in vertebral height was calculated at the difference 
superior and inferior end plate displacements. The change in vertebral height was 
then use to reconstruct the load-displacement curve for the vertebral body only 
(i.e. without the displacement in the IVDs). 
FE Analysis 
Voxel-based FE models were generated from coarsened QCT images. 
The end plates and the outer boundaries of the vertebral body were defined using 
a semi-automated segmentation technique (Amira 5.4, Visage Imaging, Inc., San 
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Diego, CA) (Figure 7.1 E-F). Each voxel was converted into a hexahedral finite 
element (1 0000-26000 elements) (Figure 7.1 G). The element size of 
1.24x1.24x1.25 mm3 was used. 
Linear, transversely isotropic elastic properties were estimated from the 
local value of bone mineral density. The mineral density (pacT) was averaged 
over 1.24x1.24x1.25 mm3 volumes and the elastic modulus in the superior-
inferior direction was assigned based on [57]: 
Ez = -34.7 + 3230pQCT (Eq.7.1) 
Any negative elastic modulus values, which arise occasionally in regions with 
large amounts of fatty tissue, was set to 0.0001 MPa [82]. The remaining 
constants were assigned based on transverse isotropy assumptions [7, 148]: 
E = E =0.33£ X Y Z (Eq. 7.2) 
V xv = 0.381 (Eq. 7.3) 
V =V = 0.104 xz YZ (Eq. 7.4) 
G =G =0 157£ xz yz • z (Eq. 7.5) 
G, ~ ( E, ) ~ 0.121E, 
21+vxy 
(Eq. 7.6) 
where, the z-axis is long the superior-inferior anatomical direction, and the xy-
plane corresponds to a transverse anatomic plane. 
Axial compression was simulated by applying displacements across the 
end plates that corresponded to the DVC-measured values at the yield point. This 
allowed for direct comparison to the experimental results. 
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Statistical Analyses 
Pairwise Pearson correlation coefficients were calculated to compare 
maximum shear strain values to minimum principal strains (JMP 1 0.0, SAS 
Institute Inc., Cary, NC). Linear regression analysis was used to compare FE-
computed against experimentally measured axial displacements throughout the 
L 1 vertebral bodies (point-by-point for node locations corresponding to the DVC 
mesh and excluding points at the superior and inferior surfaces) followed by 
paired t-tests to examine differences in experimentally measured and FE-
computed displacements. A significance level of 0.05 was used for all statistical 
analyses. 
Three samples were excluded from the study. The samples were 
damaged during specimen preparation (female, age 81 and male, ages 51 and 
80). 
RESULTS 
Failure Patterns 
Three main failure patterns were observed. The most common was the 
case where regions with large displacements occur initially at the posterior 
portion of the superior surface and progress anteriorly as the applied load 
increases. Large displacements were mainly localized in the superior third of the 
vertebra until few load increments before reaching ultimate load (Figure 7.2 
Pattern 1 ). A distinctive feature of the resulting minimum principal strain was the 
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large strain magnitude at the anterior cortex that grew transversely to the 
posterior region of the superior third of the vertebra as the loading progressed 
(Figure 7.3 Pattern 1). The second failure pattern was characterized by large 
displacements occurring on the periphery of the superior surface. As the load is 
increased, regions with large displacements grew inward towards the center of 
the superior surface as well as downwards towards the inferior surface (Figure 
7.2 Pattern II). In this pattern, high minimum principal strains initiated at the 
posterior region followed by the anterior lateral side of the vertebra. Highest 
strains were at the mid-transverse plane (Figure 7.3 Pattern II). For many 
vertebrae with this failure pattern, the high strains were localized in the posterior 
region. In the last failure pattern, the large displacements were first seen at the 
superior, anterior region of the vertebra. The regions with large displacements 
grew inward towards the center of the superior surface as well as downwards 
towards the inferior surface (Figure 7.2 Pattern Ill). The minimum principal strain 
distribution in this group was characterized by large strain at the anterior, mid-
transverse region of the vertebra that progress to the posterior region near the 
superior endplate with increased loading (Figure 7.3 Pattern Ill). 
Maximum shear strain patterns generally followed the patterns of 
minimum principal strain as indicated by the high correlation between the 
minimum strain and maximum shear strain magnitudes (p:50.044; R2=0.76±0.15). 
Further, the minimum principal direction was aligned with the loading axis 
(superior-inferior direction). 
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Vertebral Load-Displacement Curves 
Load-displacement curves for four samples are shown in Figure 7.4 and 
was compared to the load-displacement curves constructed using applied 
displacement to the entire vertebral segments. Vertebral stiffness was calculated 
using the change in vertebral height at the yield point. Stiffness values ranged 
from 3.9- 39.1 kN/mm (mean±SD = 18.9±1 0.4 kN/mm). Only samples with 
displacements greater than our displacement error estimates (21 ± 41 IJm) at the 
yield point were considered in this section (n=20). 
Experimental 3-D Deformation Fields vs. FE Model Predictions 
Good agreement was found between the experimental and FE results in 
terms of the locations of large displacements and large strains (Figure 7.5). A 
point-by-point comparison of the FE predicted displacements to the 3-D 
experimentally measured displacement fields showed good agreement. The 
range for the R2 values for regressions of measured versus FE computed 
displacements was 0.39-0.88 ( n=14: p<0.001 and slope Cl : 1.01 -1.71; n=12: 
p<0.001, slope Cl: 0.65- 1.24) (Figure 7.6). The FE models did not always 
predict the displacement with high accuracy (n=17: p:50.028; n =9: 
0.066:5p:50.963). The points where the difference between measured and FE-
computed displacements occurred were located in the periphery of the vertebral 
body, and mostly in the posterior periphery, and in the center of the vertebral 
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body. Based on qualitative assessment, FE computed results were not 
consistently under- or over-estimated in a specific region. 
DISCUSSION 
The results of this study demonstrate the application of 3-D experimental 
measurements of vertebral deformation to assess the accuracy of OCT-based 
FE models of the vertebra. The most common failure pattern was one where high 
strains were initiated in the posterior region and progresses toward the anterior 
region with increasing load. The second and third patterns were characterized by 
large displacements on the periphery, and the anterior region, respectively. The 
low strain magnitudes in the trabecular centrum around the yield point, and the 
high strains observed near the cortex at later load increments indicate that failure 
initiates at the cortex. Good agreement was observed between the experimental 
and FE displacement fields. However, some local differences were found in the 
strain patterns. Further, the displacement boundary conditions applied to the FE 
models corresponded to DVC end plate deflections at approximately the yield 
point of the vertebral segment, but the largest compressive strains exceeded the 
compressive yield strain of vertebral trabecular bone (-0.77% [111]) in only three 
samples, and the high strains were located at the superior endplate. These 
findings indicate that OCT-based FE analyses can estimate vertebral 
deformation patterns with reasonable fidelity but that additional improvement to 
the modeling techniques are warranted. 
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The novel aspect of this study is the use DVC to identify deformation 
patters found within vertebrae as they are axially compressed to failure. The 
results revealed different load transfer patterns and enabled the description of 
regions where high strain initiates and how high strain progressed as the 
vertebrae were loaded to failure. In addition, being able to accurately measure 
the change in vertebral height allowed for the calculation of vertebral stiffness 
using experimental results. The stiffness values measured in this study are in 
agreement with previously published axial stiffness [5,70]. 
Another novel aspect is the use of the 3-D experimentally measured 
deformations to define FE models boundary conditions and to validate FE model 
predictions. Accounting for the non-uniform loading across the endplate is 
important. As shown by Homminga et al., strain density distributions across the 
end plate differ as the IVD quality changes [83]. Further, using non-uniform 
loading conditions compensates for not including the IVDs in the FE models and 
applying the load via a layer of PMMA. The latter may result in altering the 
location of high strain regions due to "strain-shielding" effect of the PMMA [36]. 
On the other hand, including the IVDs may introduce additional confounding 
factors due to the complexity of assessing and modeling IVDs. The good 
agreement between our FE and experimentally measured deformations, indicate 
that the use of more accurate loading distributions has a substantially larger 
effect on the fidelity of the OCT-based FE results than do further improvements 
to the current method of assigning material properties [144, 150]. In future 
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studies, DVC results can be used to examine the accuracy of different yield 
criteria used in FE models. 
There are few limitations to this study. Notable differences were found in 
the strain patterns that may be due the use of transversely isotropic elastic 
properties from local BMD alone and/or to the relatively low spatial resolution of 
the experimental displacement fields. As is typical for image correlation methods, 
the magnitudes of the errors decreased with increasing sub-region size. 
However, as the sub-region size increases, the spatial resolution of the strain 
measurements decreases. We thus chose the smallest sub-region size that 
provided acceptable levels of accuracy and precision. Second, the posterior 
elements were removed prior to testing, rendering the loading somewhat non-
physiologic. Removal of the posterior elements is a common procedure for 
biomechanical testing of vertebrae, at times because of limitations on the size of 
test samples [88, 136,19,102, 135], as was the case herein due to the size 
constraints imposed by the 1-JCT scanner. Finally, given the quasi-static nature of 
the loading protocol, the results of this study relate more directly to vertebral 
compression fractures caused by prolonged loading and may not apply to 
fractures due to short-term or dynamic loading conditions. 
Together, these findings indicate that quantitative, full-field, experimental 
measurement of deformation in whole vertebrae can provide new insights into 
the initiation and propagation of failure, and can be used to assess the accuracy 
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and fidelity of QCT -based FE models of the vertebrae These insights may lead to 
more sensitive and specific indicators of vertebral fracture risk. 
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Figure 7.1 (A-D) Schematic for generating the collection of sub-regions to be 
used for DVC analysis of the whole vertebrae; (E-H) Schematic for creating the 
OCT-based FE models of the vertebrae 
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Figure 7.2 Three commonly observed deformation patterns. For each pattern, the 
displacement fields are plotted on the whole vertebra (top row) and mid-sagittal 
cut-away views (bottom row) for the load steps marked "A", "B", "C", and "D" on 
the load-displacement curve 
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Figure 7.3 The minimum principal strain patterns corresponding to the three 
commonly observed deformation patterns. For each pattern, the minimum 
principal strain is plotted on the whole vertebra (top row) and mid-sagittal cut-
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CHAPTER 8 
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CONCLUSION 
The overall goal of this work was to characterize failure mechanisms in 
human vertebrae, with specific emphasis on the role of intra-vertebral 
heterogeneity in density and on identifying techniques that can establish new 
standards for clinical evaluation of fracture risk. Biomechanical testing of 
cadaveric vertebrae was used in conjunction with jJCT and QCT imaging to 
quantify the intra-vertebral heterogeneity in density. The !JCT images that were 
acquired during the course of the compression tests were analyzed via digital 
volume correlation to quantify failure patterns and to evaluate the accuracy of FE 
models created from the QCT images. In addition, analyses of QCT images from 
a population-based study, the Framingham Multidetector QCT Study, examined 
the possibility of using QCT -based measures of the intra-vertebral heterogeneity 
in density as an indicator of fracture risk. These latter analyses and the QCT-
based FE analyses are both examples of clinically feasible approaches for 
assessing vertebral strength and fracture risk. 
In the first section of this dissertation, the influence of intra-vertebral 
heterogeneity in density on vertebral mechanical properties and failure patterns 
was studied. Heterogeneity was defined as the inter-quartile range (IQR) and the 
quartile coefficient of variation (QCV) of BMD values of contiguous, 5mm cubes 
fitted within the trabecular centrum of the vertebral body. These measurements 
of the intra-vertebral heterogeneity in density, made from either QCT or jJCT 
images, were found to improve predictions of vertebral strength. An increase in 
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the magnitude of intra-vertebral heterogeneity was associated with increased 
vertebral strength, even after adjusting for average BMD. 
Given that intra-vertebral heterogeneity in density can be measured non-
invasively using QCT images, we sought to assess the clinical capability of using 
of heterogeneity measures to improve predictions of fracture risk. Women with 
prevalent fractures had lower intra-vertebral heterogeneity in bone density as 
compared to age-matched controls; which is in agreement with results from the 
ex vivo QCT and 1-1CT studies. These studies identified the association between 
intra-vertebral heterogeneity in density and vertebral strength and fracture risk, 
providing evidence that accounting for intra-vertebral heterogeneity in density in 
addition to average BMD could improve predictions of the risk of vertebral 
fracture. A semi-automated method to quantify intra-vertebral heterogeneity is 
under development, as a next step towards a systematic approach to obtain 
more sensitive and specific estimates of vertebral fracture risk. 
Spatial distribution of bone tissue plays a role in the biomechanics of 
vertebral failure. Examination of the spatial distribution of bone density showed 
that no single spatial distribution of density within the vertebra was associated 
with high density-adjusted strength, which suggests that there are multiple 
combinations of locations of these high-density cubes that can be beneficial to 
bone strength . Results on spatial distribution of bone density support the 
prevailing hypothesis that IVD degeneration results in transfer of more of the 
applied load to the outer regions of the vertebral body, thus causing resorption in 
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the central and mid-transverse regions. The spatial density patterns associated 
with vertebrae with an absence of severe disc space narrowing had relatively 
high densities in the central and medial regions, and among these vertebrae, 
those with degenerate discs tended to have relatively low densities in the mid-
transverse region. The results also indicate that the opposite spatial distribution 
(high density in the central and mid-transverse regions), when combined with 
moderate disc space narrowing, tended to be associated with low density-
adjusted strength. This notion of incongruence may be relevant to the conflicting 
reports that exist as to whether IVD degeneration is a risk factor for, 
unassociated with, or protective against, vertebral fracture. 
Heterogeneity within the vertebra is not only in bone density but also in 
trabecular microarchitecture. Examining the intra-vertebral heterogeneity in 
microarchitecture, connectivity density, among the many microarchitectural 
parameters, emerged as the most consistently associated with vertebral failure. 
Further, multiple associations were found between the observed failure patterns 
and the spatial variations in density and microarchitecture indicating that local 
variations in microstructure are associated with locations of failure in the 
vertebral body. Among the many microarchitectural parameters, connectivity 
density emerged as the most consistently associated with vertebral failure. With 
continued improvements in the image resolution of multi-detector row CT 
(MDCT) systems, it may be possible in the future to use non-invasive 
measurement of vertebral trabecular architecture to improve predictions of 
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vertebral fracture. 
The finding on the spatial variations in density and microarchitecture 
influences the load distribution throughout the vertebra and hence deformation 
fields. A major contribution of this dissertation is the application of digital volume 
correlation (DVC) to a large and irregularly shaped bone such as the human 
vertebral body. DVC measurements provided detailed descriptions of the 
deformations throughout the entire vertebral body at each loading step, enabling 
identification of where high strain regions initiated within the bone and how the 
strain propagated with further loading. Three common failure patterns were 
identified for vertebrae loaded to failure under axial compression. The most 
common pattern was one where high displacements were initiated in the 
posterior region and progresses toward the anterior region with increasing load. 
The second and third patterns were characterized by large displacements on the 
periphery, and the anterior region, respectively. Among many factors, these 
different patterns may arise due to differences in vertebral geometry, distribution 
of bone tissue as well as the health of the adjacent IVDs. 
Load distribution on the end plate depends on the health of the IVDs. The 
non-uniformity in endplate displacements observed in the experiments suggests 
that FE models may benefit from accounting for factors such as intervertebral 
disc health even if by simply providing an accurate representation of the load 
distribution on the endplate without including the IVDs in the FE models. Unlike in 
ex vivo experiments, where testing vertebral bodies in the absence of IVDs can 
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elicit artifactual failure mechanisms. As such, in ex vivo experiments testing with 
IVDs, though more complicated in experimental procedures, may be necessary 
for maximizing the clinical relevance of the test results, while in FE models only 
accurate representation of the load distribution is required. 
The 3-D experimental measurements also provided an unprecedented 
assessment of the accuracy of OCT-based FE models. Point-by-point 
comparison of FE-computed axial displacements and the corresponding 
experimentally measured axial displacements throughout the vertebral body were 
carried out. The good agreement between the FE and the experimentally 
measured deformations along with prior studies on the effect of material property 
assignment, indicate that the use of more accurate loading distributions has a 
substantially larger effect on the fidelity of the OCT -based FE results than do 
further improvements to the current method of assigning material properties. 
The outcomes from this dissertation demonstrate that the intra-vertebral 
heterogeneity in density contributes to bone strength, influences vertebral failure 
mechanisms and has promise as a clinically feasible indicator of fracture risk. 
Another promising technique for fracture risk prediction is OCT-based FE 
models, however their clinical applicability is depended on the establishing non-
invasive techniques for estimating vertebral loading. Finally, experimental 
techniques developed and implemented in this dissertation, specifically digital 
volume correlation, provide a wealth of information that was used to shed light on 
biomechanical mechanisms of vertebral fracture. 
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FUTURE WORK 
The work described in this dissertation sheds light on the use of intra-
vertebral heterogeneity in density to improve vertebral fracture risk prediction, 
and probes vertebral failure mechanisms. Experimental techniques developed in 
this dissertation provided us with a wealth of information that resulted in 
establishing hypothesis on the biomechanical consequences of intra-vertebral 
heterogeneity in density and in assessing of the accuracy of OCT-based FE 
models. However, this led us to many more questions that may be answered by 
future investigations. These questions include: 
• How different are the failure patterns when a more physiologic loading is 
considered? While we were limited by size restrictions on our loading 
device, incorporating the posterior elements and applying axial load with 
anterior bending would lead to a better understanding of failure 
mechanism in vivo. In addition, it is hypothesized that load transmission 
through the facet joints may mitigate the effects of changes in load 
distribution across the endplate due to IVD degeneration. To test this 
theory while bypassing constrains on the dimensions of our loading 
device, smaller vertebrae from the thoracic region can be used to study 
differences in failure patterns when testing vertebrae with and without the 
posterior elements. 
• How well do existing yield criteria perform? By loading vertebrae to failure, 
we obtain measurements of the deformation fields well beyond the elastic 
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behavior of bone. These measurements can be used to compare the 
performance of existing yield criteria and to identify areas for 
improvement. 
• How accurate are current approaches of incorporating IVD quality in FE 
models? Our results show that realistic representation of the boundary 
conditions is essential for fidelity of FE model predictions of vertebral 
failure. However, to extend the clinical applicability of FE modeling, we 
need to examine the ability of non-invasive approaches for assessment of 
the IVD health in providing sufficient information to be incorporated in the 
FE model. Then using our 3-D experimental deformation fields, the 
accuracy of FE models generated using different representations of IVDs 
that reflect IVD health (i.e. by including the IVDs in the FE models or by 
using a non-uniform load distribution) can be assessed. 
• What is the association between regional BMD, IVD degeneration and 
vertebral strength? We found that no single spatial distribution of density 
within the vertebra was associated with high density-adjusted strength. 
This suggests that there are multiple combinations of locations of these 
high-density cubes that can be beneficial to bone strength. Robust 
identification of these combinations, which will require consideration of 
multiple loading conditions and IVD health, will contribute substantially to 
current understanding of the pathogenesis of vertebral fractures and to 
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development of more powerful predictors of bone strength and fracture 
risk. 
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